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1-
nPfRODUCTIOH 
Boot stiidles from a genetlcal standpoint are limited 
when eoapared with the nxxmber of investii^tions carried oat 
on plant {Arts above ground* Although many workers, using 
•ariotis genera and species, have contributed to the knowledge 
of morphological characteristics of roots, genetic studies of 
differences existing between varieties or inbred lines within 
a species have scarcely been touched. This is largely true 
for two reasons. First, most previous root studies involved 
excavation in field of entire root systems, and with this 
method it is impossible to get large enough numbers for a 
statistical study of small differences usually existing be­
tween inbred lines. Second, obtaining root data in any 
manner is very slow and tedious. 
Research on roots should occupy an important place in a 
plant breeding program. For maximm yields the roots must 
obtain sufficient minerals and water for optimum top growth 
and should be of such a nattire as to prevent lodging. Since 
roots vary in diameter and in surface per unit weight, root 
surface, especially absorbing surface, as well as root 
weight, would be desirable as a criterioiof root value. In 
spite of slight differences of opinion, most investigators 
agree that absorption occurs in the root section lying be­
tween the apical meristem and the region with completely 
axiberlaed epidermal cells (8, 23, SO, 33, 34), No convenient 
method has been devised for determining the exact location 
and area of these root sectors, nor has a practical procedure 
been devised for obtaining total root swface rapidly, al-
thotxgh various BMthods have been attempted (6, 7, 8, 9, 27, 
40). To data root weight is the most usable measure available. 
Root weight alone is not a good criterion of root value 
as two root systems of equal weight nay have to support tops 
of unequal size. Therefore, in the following experiments 
top-root ratios, which express the relative growth of tops to 
roots, were used. These ratios give a balance or pattern of 
plant growth which has received little attention in genetic 
studies. Throughout the study top-root ratios were obtained 
by dividing top weight by root weight. 
It was the object of this investigation to determine 
what differences might exist among the top-root ratios of 
fixed inbred lines of maize, to determine how these differ­
ences are inherited in hybrids and to study the effects of 
various physiological environments upon the expression of any 
such inherited differences. 
REVIEW OP LITEEATURB 
As early as 1383, Hellriegel (13) demonstrated that dif­
ferences exist among cultivated crops in top-root ratios. 
fops of mtixre harley weighed 11.6 times as much as the roots, 
vhile in cwits the ratio was 6.7 to 1. Schulze {38} fotmd the 
relationship of weight of tops to weight of roots to be; 100: 
7.4, 100:9.0, 100:4.7, 100:9.2, 100:3.4 and 100:38.9, respec­
tively, for mature plants of barley, oats, rye, wheat, peas 
and beans. In wheat and rye the ratio of tops to roots became 
progressively greater with increased age. Working with plants 
shortly after anthesis had set in. King (19) obtained values 
of 3.34, 2,23, 4.00 and 6,84 for barley, oats, clover and 
com, in the order named. The same worker published similar 
figures for the same crops a year later (King, 19). Miller 
(23) found slight top-root ratio differences among Blackhull 
kafir, Dmrf milo and Pride of Saline com. More striking was 
the fact that corn, while possessing one and a half or two 
times the leaf area of Blackhull kafir or Dwarf milo, respec­
tively, Md only approximately half the number of secondary 
roots per unit length of primary root as did either sorghum. 
For ratios on other crops and additional references the reader 
is referred to Miller (24), 
Variety differences in top-root ratio have been found by 
other workers. Schneider (31), using eighty-eight varieties 
of oats, discoverod large differences. For mature plants the 
ratio of weight of tops to weight of roots ranged from 100:28.2 
to 100:10,6. In general, early maturing species possessed 
high yielding and poor rooting characters while late mat\iring 
varieties were poor yielders and large rooted, Bo<mstj?a (S, 
4) tested seven races of peas and found that the ratio of dry 
weight of shoot to dry weight of root varied from 8.27 to 
16,76, In general, top-root ratios increased with Increased 
soil moisture and temperatttre but not to the same extent for 
all varieties. On a per gram of root basis the races absorbed 
different amounts of water and minerals. A large seeded, bush 
lim bean always had a low root-top ratio while a smll seeded 
bean had a high ratio lAien harvested at three stages of de­
velopment, according to Andrews (1), The hybrid was inter­
mediate, Hoha^miad and Deshpande {26} found five kinds of root 
systems in fifty types of chillies. The range was frcra a deep 
tap to a shallow fibrous system, Weihing (41) placed a number 
of regicaial corn varieties Into tiie three vegetative types of 
small, medium and large. He then coa^red plants from each 
group and fcxuid that at matiirity the top-root ratios, on a dry 
weight basis, fat the three types were 6.42, 4,90 and 3.47, 
respectively, itoen grown under comparable eoxiditions. 
That heritable top-root ratios may exist in inbred lines 
has been shown by various workers. Miile working on the in­
heritance of differential responses by strains and hybrids of 
maize to ammonium and nitrate nitrogen, asirvey (12) found 
that top-root ratios wore significantly different between 
strains. His data were taken on air dry plants which had been 
raised six weeks m. aqueous nutrient solutions. No associa­
tion between strains' response to nitrogen form and top-root 
ratios for strains was found. 
Burkholder and McVeigh (5), working with twelve inbreds 
and nine hybrids of corn grown on nutrient sand cult\u>es sup­
plied with various levels of nitrogen, reported that the in­
bred had notably high shoot-root ratios at all nitrogen 
levels. The range was from l.S to 3.0. 
Holbert et al. (14) reported root-top ratios, calculated 
on air dry material, of 0.62, 0.66, 0.83 and 0.85 for four in­
bred lines of maize harvested when slightly over eight weeks 
of age. They found that, in general, weak rooted strains 
when compared with strong rooted ones were more likely to 
lodge and had a lower grain production. 
Koehler et al. (20) studied two pairs of self fertilized 
coz^ strains. In each pair the lines grew to nearly the same 
height but one was susceptible to lodging, the other resistant. 
Those which stood erect had about twice as great a root system 
as those which were inclined to lodge. In most cases, 
crossing of weak and strong rooted plants resulted in an 
generation with little lodging. However, one cross of a 
strong by a weak rooted line gave plants which were px%c-
tically one hundred per cent lodged. They interpreted this 
to indicate that t±ie inheritance of tendencies for strong and 
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ve&k roots oan not be explained by a single genetic factor. 
Holbert and Koehler (15) sttidied the resistance of seven 
week old aiaize inbreds to a vertical pull. Lines susceptible 
to rootrot had only (me half the pull of those resistant to 
lodging while those susceptible to leaf firing had only one 
third the pull of the lodging resistant lines. Plants sus­
ceptible to rootrot and leaf firing had a significantly 
smller number of main roots than non-susceptible plants. F-|^  
crosses did not differ in pulling resistance from the lines 
resistant to lodging. 
Seasonal development of the com root systems of a dotible 
cross and of the foxir inbreda and two single crosses \ised in 
its construction was studied by Spencer (39)• He found that 
top-root ratios for single cross hybrids were approximately 
interaediate between those of their inbred i»iirents up to the 
time of silking, at i^ich time the hybrids equalled or ex­
ceeded the inbred with the larger ratio, fhe double cross 
had a higher proportion of tops to roots than either of its 
single crosses up to nine weeks after planting, after which it 
became intermediate. Top-root ratios became steadily larger 
with increased age of plants. At two weeks after planting in 
some strains the tops had attained a weight of nearly twice 
that of the roots, while at fifteen weeks the smallest ratio 
was 12:1 and the largest 23:1. Single cross hybrids exceeded 
the inbred lines in dry weight of roots, length of roots aM 
in resistance to vertical pull. 
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Sloaaelbach and Weihing (18) compared the root develop-
38ent at m&tMTltj of aelfed llnea of corn and their and Fg 
hybrida and fomd heteroala to be exhibited. The F^ genera­
tion exceeded the mean of ita parenta in depth of root pene­
tration, the combined length of all main roota per plant and 
the diameter of the main roota. The Fg was intemediate be­
tween the F^ and the parental means for these characteristics. 
^ith (36), although not working on top-root ratios, 
noted differential responses am^g com inbreds and hybrids on 
low phoapborus levels. Inbred lines efficient in utilization 
of low levels of phosphortzs had a high ratio of secondary to 
primary roots, while inefficient lines had a low ratio. The 
F^ generation was dominant for both phosphorus efficiency and 
the high ratio of secondary to primary roots. Increased root 
absorption due to the inheritance of the branched type of 
root system was advanced as the explanation for phosphorus 
efficiency. Lyneaa (22) obtained similar resiilts. 
Changes in environmental factors, such as moisture, 
nutrients, temperature, oxygen supply and soil texture, imder 
which a given root is grown can alter its weight, extent, 
structure and directicoa of growth. The extent to which cm-
trolled variations in theae factors can alter both root and 
top weights and the resultant effects on top-root ratios have 
been the subject matter of many publications. Miller (24) 
has reviewed this literature thoroughly and completely. 
-3 
SXPSBIMEHTAL 
Materials 
Plant material for these studies consisted of stable in­
bred lines of Biaize, ranging frcaa strong to weak rooted 
strains. Twelve first cycle {selfs from varieties) and seven 
second cycle (recovered inbreds obtained by backcrossing 
hybrids one or two generations before inbreeding) yellow dent 
inbreds, aae white flint inbred and one yellow sweet inbred 
were used. The lines are as follows: 
Yellow dent inbreds White flint inbred 
1st cycle 2nd cycle^ WF 
Bis Mc La(Bis) 
Hy Osf Idt{Bav} Yellow sweet Inbred 
ITS PR KR(Osf) 
IS23 E4 LdgCK) 0B134 
Ldg WCH Ldg(PR) 
1114 KR( 187-2) Osf (KB) 
TE(Ldg) 
Most of the first cycle strains are well known standard 
inbreds and need no description.# Characteristics of some of 
those less well known are as follows: 
Line Description 
WCS Early, short stalk, weak rooted. 
Me Barly, short stalk, medium to weak rooted. 
^ Hon-recurrent parent appears in brackets. 
# A brief description of the majority of the first cycle in­
breds may be found in the 1936 Yearbook of Agricultiire, 
table 5, pp. 504-519. 
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Llae Deacrlptlcax 
ItS23 Medium to late, short stalk, good 
root systea. 
Bis Medium mattirity, tall, lodges easily. 
Oat Average maturity, height and lodging 
resistance. 
Ldg late, medium height stalk, good root 
system. 
W Mrlj, slender stalk, weak rooted. 
GB134 Very early, short stalk, weak rooted. 
In general, the second cycle lines reseiiJle their recur­
rent parent closely in rooting characteristics. The recurrent 
parent of those used either need no description wp have been 
described above. 
All but one of the strains were seciured through the 
courtesy of E. W. Lindstron. The single exception, LS23, was 
obtained from the Picmeer Hi-Bred Com Company of Johnston, 
Iowa. 
Methods of Procedure 
Pljints for root studies were grown in the greenhouse 
for periods of from four to six weeks in the three x^diums, 
aqueous solution, soil and sand. The general method of 
handling each will be given 8ei»i3rately. 
For water cultures two different solutions were ei^loyed. 
These were modifications of the solution used by SBiith (36) 
axKi of the buffered solution Zinzads^ (42) reooraa^nded tor 
constant pH. Basically they were made up as follows: 
-10-
Modlfled Salth'a aolatlon Buffered aolutlm 
Salt grams per liter Salt grams per liter 
of solutlmi of solution 
KCl 0.288 KCl 0.286 
]lgS04.7%0 0.432 MgSOA.T^O 0.500 
Ca(lO)3.4%0 0.469^ 1841103 0.286 
(H%)gSO. 0.115 Ca,{P04)g 0.600 
m^ Ol * 0.066 
In the buffered soluticm Ca^CFO^jg was present in a col­
loidal fom. It was prepared hy dissolving 13.69 grams of 
K3PO4 in oae liter of warm water while 10.73 grams of anhydroas 
CaClg were dissolved in a second liter of warm water. The two 
solutions were then mixed with vigorous stirring, giving a 
finely divided suspension of Ca^CPO^Jg ccmtaining KCl in solu-
t±<m» This soluti<m was not washed but was used as made up 
at the rate of 100 ml. per liter of nutrient solution. 
Iron, in the form of ferric tartrate, was added as needed 
by the plants. The supply of micro-nutrients was furnished by 
impurities in the c.p. salts and in the tap water used for all 
cultures. 
Solutions were changed every five to fourteen days de­
pending on the time of year and the size of the plants. Tap 
water was added between solution changes as needed to replace 
that lost by transpiratim and evaporation. 
Methods of obtaining seedling plants and setting them up 
in imter cultures were similar to those described by Sarvey 
^ This solutioa c<8iitains 80 p.p.m. of nitrogen. In some of 
the earlier experiments a concentration of only 40 p. p.m. 
was used. These experiments will be designated. 
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(12), In all tests, plants w®r« grown In quart Mason jars 
painted black on the inner coat and white on the outer c<»t. 
Two seedlings per jar constituted a unit. About twice as 
aany kernels were germinated as were needed to insure a uni­
form lot of seedlings. 
For soil cultures mixtures of rich coopost, black top 
aoil and washed river sand were used. The compost and top 
soil were put through an eight-mesh sieve. This removed most 
of the fibrous organic material which is almost impossible to 
wash out of roots and yet left enough of the very fine matter 
so that the soil would not lose its structure and become 
badly packed. Soil ndxtures of three parts compost to one 
jpart top soil and one part sand, thcn-oughly mixed, were used 
in most eases. Soever, this ratio was often varied as the 
lots of compost and top soil differed widely in fertility. 
Six inch clay pots were used as soil containers in all 
tests except for moisture level experiments, far which glased 
gallon jars were used. It mis realised that roots cannot 
grow unhampered for Icmg in such small containers, ^elimi-
nary tests indicated that there was not much difference in 
ratio between six and eight inch pots. Larger containers 
could not have been handled because of th> large numbers in­
volved. Since all lines were treated similarly a coi^rison 
among them was considered justifiable. 
Six kernels were planted at the same depth in each pot. 
Shortly after emergence the seedlings were thinned to two per 
-12 ~ 
pot. ?fetering was d<xie as uniformly as possible. 
For sand cultures washed river sand was used. This was 
thca-oughly mixed by shoveling in order to insure a uniform 
medium in both texture and in any nutrients not removed by 
washing. Again six inch pots were used, fwo seedlings per 
pot, obtained in the same manner as were the soil grown 
plants, were raised. The purpose of the sand cultures was to 
provide a medium for plant growth of slightly different struc-
txire than soil oultxires and one th&t was low in plant food. 
Dilute nutrient solution was added every three or four days in 
or<!Uir to maintain limited plant growth. A reduced concentra­
tion of ths modified Smith's soluti(»i was used for this pur­
pose. 
Seed of each line was always a composite of two or three 
ears. Before planting each experiment the kernels were treatml 
with either "Merko" or "New Mproved Semesan Jr." mercury 
dusts. 
Containers used for water culture plants were first 
treated with formalin solution to reduce fungal growth. 
All experiments conducted were set up in a completely 
randcKBized block design and analyses of variance were calcu­
lated on the data according to the method outlined by Snedecor 
(37). Rerandomisation within the replications was affected at 
weekly Intervals, 
In harvesting, roots of sand and soil cult\ire plants were 
carefully washed over a screen lAiich allowed the sand and soil 
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to pass through Irat retained the roots. After the larger 
particles were removed the roots were soaked three or four 
hours and then rewashed* 
Qreen. weights in grams were taken on tops and roots in 
most experiments and in some cases root volumes were also 
taken hy means of water displacement in a graduated cylinder. 
For removing excess moisture from ths roots before taking 
green weights they were placed for three minutes between 
paper toweling which had been dampened and then squeezed as 
dry as possible by hand. With a little practice roots of 
comparable dryness were obtained in this amnner. 
Bry weights in gi^ms were obtained on tops and roots 
after they had been oven dried to a constant moisttxre level. 
Top-root ratios were calculated on dry weights for all ex­
periments and in some instances <»i green weights. 
Sxpei'imental Results 
Differences in top-root ratios of inbred lines. 
In (»:>der to determine what differences might exist among 
the top-root ratios of various inbred lines, three tests were 
conducted. In each several strains were grown on the three 
treatments, water (nutrient solution), soil and sand. 
fest 1. Ten inbreds, ranging from lines which are 
usually regarded as well rooted to ones considered as weak 
rooted, were grown for four weeks (May 3 to Itey 31, 1939). 
14 
Plants grown in imt«r cultiiras were raised on the buffered 
solution, light replications were used, making a total of 
240 units. Only dry weights of tops and roots were taken. A 
axasmrj of the mean top-root ratios as calculated frcna these 
data is presented in table 1 and the analysis of variance 
summary in table 2. 
Of primary interest in these studies was the fact that 
wide differences existed between the mean top-root ratios of 
the different lines. Based on all three treatments these 
ratios ranged from 1.40 to 2.07, the values for the various 
lines being spread rather tmiformly over this range. It is 
to be recalled that lines with low ratios bad relatively less 
top weight per unit wei^t of root than did those lines with 
a high ratio. In the analysis of variance, line variation is 
highly significant showing that genetic variability was 
present. Batios exhibited by individual lines agreed rather 
closely with their lodging resistance as observed in the 
field. KR(Osf), Hy and KB, linos which are resistant to 
lodging, exhibited low ratios, i.e., a large amount of roots 
in pa^oportion to tops, while FR and K^, which ustially lodge 
easily, had high ratios. In general, the lines were con­
sistent in that they occupied about the same relative rank on 
all three treatments. 
Treatments accotmt for the bulk of the variance in the 
above analysis, the ^ an square far exceeding that necessary 
for the one per cent level, tfoans for treatoents show that 
-15-
Tablo 1. Mean Top-Boot Hatlos of Ten Inbreds Calculated 
from Dry Weights.* Test 1. 
Inbred Treatment 
Water Soil Sand 
Mean 
EB(OsfI 2.03 1.27 0.90 1.40 
Hy 1.79 1.73 1.05 1.52 
IB 2.19 1.76 1.03 1.66 
TKLdg) 2.27 1.85 1.00 1.71 
Oaf 2.19 2.11 1.08 1.79 
Ldg(PR) 2.54 1.93 1.02 1.83 
m<m 2.1© 2.18 1.34 1.90 
M14 2.12 2.22 1.40 1.91 
®4 2.63 2.21 1.33 2.06 
A 2.62 2.24 1.34 2.07 
Mean 2.26 1.95 1.15 1.79 
^ Bange of inbred means and treatment mean of tops and roots 
for each of the three treatasents were as follows: 
Water Soil Sand 
iange Sean Range Mean Bange Mean 
Tops 1.87-3.37 2.73 1.57-3.06 2.25 0.42-0.89 0.60 
Boots 0.88-1.50 1.23 0.72-1.73 1.20 0.43-0.86 0.54 
Table 2. Analysis of Variance Based on Top-loot Batios. 
Test 1. 
Source of variation Degrees of f reedora Mean sqixare 
Beplications 7 0. 07 
Idnes 9 1. 13^  
Treatments 2 26. 08** 
Lines X treatments 18 0. 24 
Irror 203 0. 05 
Total 239 
IBLghly significant (P leas than 0.01). Significance of 
mean squares determined by F test. In all succeeding 
analy^ies one asterisk will be used to denote values sig­
nificant at the 5 per cent level and two asterisks for the 
1 per cent level. 
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water cultiires had the largest top weight per unit of root 
weight, that soil cultures were next and sand the lowest. 
Althotagh plants grown on nutrient soluti<»is did not have the 
same type of root as did those grown on soil, nor did they 
have as much root per unit of top weight, still characteristic 
ratios existed. 
Both top and root weights were aiuch reduced for plants 
grown on low nutrient sand cultures as o<»ipared with either 
soil or aqiwous mediums (see footnote, table 1). fop weight, 
however, was reduced proportionally more than root weight 
resulting in lower top-root ratios for this treatment. 
The smallest mean difference between any two treatments 
was 0.31, existing between sand and soil cultures. The 
standard error of a mean difference was ±0.04 (calculated 
from error variance in the analysis of variance table). 
Since 0.31 is well over twice the size of 0.04 this differ­
ence was highly significant. 
Water cultures produced the largest mean top-root ratios 
and sand the lowest in all cases except for M14, which had a 
higher ratio on soil than on aqueous solution. Besides M14, 
inbreds Hy, WOB and Oaf did not have proportionally as wide a 
spread between water and soil treatments as had the rest of 
the lines. This may be seen in figure 1. That all lines did 
not respond the same to the three treatments is shown in the 
analysis of variance by the significance of the interaction 
of lines X treatments. 
Form E-4 
17 
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Flate 1 shows the differences that exist in top and root 
growth and in root shape and textwe between plants grown 
under each of the three treatments. 
Test 2. This test was conducted to deteri^ne if the 
general results of test 1 could be repeated, especially ttnder 
the changed environmental conditions existing during a dif­
ferent season of tbe year and with a l<»iger period of plant 
growth. Nine inbreds were grown for six weeks (June 28 to 
Attgust 11, 1939). Among this group IJg2S, Osf(EB) and Idt(Baw) 
replaced M14, WCR, Osf and Ldg(PR) of test 1. Modified 
Smithes solution was used in place of the biiffered solution 
for water cultures. The nitrogen concentration of this solu­
tion was 40 p. p.m. Table 3 gives the mean top-root ratios 
calculated cm dry weig]±8 and table 4 the analysis of vari­
ance. In general, ratios were slightly higher than in test 1, 
the mean for test 1 being 1.79 while for test 2 it was 2.45. 
That the plants were two weeks older may have been partly the 
explanation tor thia difference since top-root ratios increase 
with age (11, 3, 39). However, results were very similar to 
those obtained in test 1. Lines, treatments and the inter­
action of lines X treataients again contributed highly signifi­
cant variances to the analysis. 
Inbred means for all treatments ranged frcna 1.98 to 3.12. 
The six lines common to both test 1 and test 2 occupied the 
order of KE(Osf), Hy, SB, TR(Ldg), and PB in test 1 when 
arrayed from low to high ratios. In test 2 they were in the 
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7able 3. Mean Top-Boot Batlos of Hine Inbreds Calculated 
f r o m  D r y  W e i g h t s , *  T e s t  2 ,  
Inbred 
Treatment 
Mean 
later Soil Sand 
Osf(KB) 
^(Osf) 
KR 
Hy 
lit(Baw) 
TR(Ldg) 
li 
2.46 
2.12 
2.55 
2.55 
2.78 
3.15 
2.80 
3.07 
3.16 
1.87 
2.55 
2.38 
2.23 
2.05 
2.53 
2.73 
2.64 
3.88 
1,61 
1,61 
2.09 
2.31 
2.31 
1,97 
2.34 
2.19 
2.33 
1.98 
2.09 
2.34 
2.36 
2.38 
2.55 
2.63 
2.64 
3.12 
Mean 2.74 2.54 2.09 2.45 
* Range of inbred means and treatment mean of tops and roots 
for each of the three treatments were as follows: 
Water Soil Sand 
Range Bean Hange Mean Range Mean 
Tops 4.74-8.04 6.77 6.11-10.82 8.72 1.56-3.95 3.06 
Roots 1.55-3.15 2.52 2.47- 4.67 3.58 0.81-1.89 1.50 
Table 4. Analysis of Variance Based csi Top-Root Ratios. 
Test 2. 
Source of variaticm ^reedm^^ Mean square 
Replieations 5 0.45 
Lines 8 2.02?^ 
Treatments 2 6.0^* 
Itlnes X treataints 16 0.62** 
Error 130 0.17 
Total 161 
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saiM aequanca, except for KR and Bj, which were reTersed. 
fhla tends to substantiate the ranking in test 1. 
Treatment means had tbe same rank In test 2  as in test 1. 
tfhat water culttjres had a higher ratio than soli culttires Is 
Interesting since total dry weight of soli grown plants was 
much greater than that of the plants raised on nutrient solu­
tion (see footnote, table 5), This smaller growth of water 
culture plants was probably due to the low nitrogen level. A 
deficiency of some element in the nutrient solution usually 
lowers top-root ratios (5, 58, 10), Evidently the low nitro­
gen affected both tops and roots to about the same extent 
since the top-root ratio still exceeded that for more vigor­
ous, soil grown plants. 
Again ths interaction of lines x treatments is signifi­
cant* 2n figure 2 it may be seen that the fotsr inbreds, 
SRCOsf}, Hy, Idt(Baw) and PB differed fr<»B the other inbreds 
in that water culture plants did not have the highest and 
sand the lowest ratios. For SBCOsf) and VR the sequence fr<^ 
high td low was soil, water and sand while for Hy and Idt(Baw) 
it was water, sand and soil. 
Test 5. This experiment was carried out to test the com­
parative top-root ratios of additional inbred lines. It was 
coc^ucted in the same manner as test 2 except nitrogen was 
raised to 80 p.p.m. in the water cultures. 
Ten Inbreds were used which Included eight new strains 
aM two, SH and PR, also represented in tests 1 and 2. Since 
Form E-4 -fix-
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BE has a low and PR a high top-root ratio, they were included 
as checks to obtain a rough comparative evaluation of the 
ranking of the strains between tests on the basis of their 
ratios. The plants were grown from March 2 to April IS, 1940. 
In addition to dry weight data, green weights and root volumes 
were taken. Mean top-root ratios as calculated on dry weights 
appear in table 5 and the analysis of variance in table 6, 
As in tests 1 and 2, lines, treatments and the interaction 
of lines X treatments were all highly significant. Inbred 
line means based on all three treatments ranged from 1.47 to 
2.92, Two lines had lower means than KR and two higher than 
HR. In all three tests inbred means were distributed uni­
formly over the range with no tendency for the asajority to be 
grouped at any particular ratio. The basis for strain differ­
ences in ratio may be seen in Plate 2. 
Treatment means occupied the same relative i%nk as in 
testa 1 and 2 with water cultures again having the highest 
mean top-root Mtio and sand the lowest. Foot growth was shown 
by the soil grown plants because only a poor grade of compost 
soil was available. 
The failure of 6B134 and WP to respoid to all three treat­
ments to the same extent as the other inbreds probably accounts 
for the bulk of the intez>action variance (see fig. 3). No 
explanation for the behavior of these inbreds is apparent. 
In order to determine if additicmal information mi^t be 
gained from green plant weights, top-root ratios were 
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Table 5. Moan Top-Eoot Ratios of Ten Inbreda Calculated 
fron Dry leighta.* 1?est 5. 
freatmant 
Inbred •' • - ' • Mean 
Water Soil Sand 
Efl 2.06 1.24 1.11 1.47 
Ldg 2.03 1.47 1.42 1.64 
m 1.99 1.72 1.24 1.65 
Ldg(E) 2.28 2.07 1.41 1.92 
Bis 2.36 1.79 1.28 1.98 
Mo 2.85 1.98 1.45 2.09 
I* (Bis) 2.69 2.04 1.61 2.11 
3.06 2.11 1.63 2.27 
WF 3.78 1.77 1.55 2.36 
aB134 4.17 2.50 2.10 2.92 
Mean 2.78 1.87 1.48 2.04 
Bange of inbred means and treatment nean of tops and roots 
for each of the three treatments were as follows: 
Water Soil Stond 
Range Mean ^ange Mean iSange Mean 
Tops 5.46-14.80 9.87 2.14-4.52 3.27 0.78-1.81 1.17 
Boots 2.63-4.93 3.63 1.45-2.07 1.74 0.66-1.10 0.80 
Table 6. Analysis of Varianoe Based csi Top-Eoot Satios as 
Calculated from Dry Weights. Test 3. 
Source of variation ^Med»°^ Mean square 
Replications 7 0.02 
Lines 9 4.27** 
Treatments 2 35.40** 
Lines X treatments 18 0.88^ 
Error 203 0.04 
Total 239 
Form E-4 
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ealculated on green weight data. 7he analysis of variance 
appears in table 7. As in the analysis based on dry weight 
ratios, lines, treatments and the interaction of lines x 
treatments were all highly significant. Apparently green 
weight data did not contribute any Information which was not 
attainable from the dry weight saaterial. Ftirther substanti­
ating this point was a correlation between dry and green 
weight ratios of 0.94, a figure far exceeding that necessary 
for significance. This would indicate that plants which b&ve 
a high top-root ratio on a green weight basis also have a high 
ratio on a dry weight basis while those with a low ratio cal­
culated on green weights are also low when based cm dry weight& 
fherefore only dry weight data will be used in the following 
tests. 
Table 7. Analysis of Variance Based on Top-Root Ratios as 
Calculated from Green Weights. Test 3. 
Source of variation Degrees of freedom Mean square 
Heplleations 
Lines 
Treatments 
Lines X treatments 
Error 
7 
9 
2 
18 
203 
0.10 
2.53** 
13.31^  
0.35^  
0.04 
Total 239 
An additional criterion of root differences between in­
bred linos was determined in this test by talcing root voluaw. 
fhe analysis of variance for volume data appears in table 8. 
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Table 8. Analysis of Variance Based on Root Volumes. Test 3. 
Source of variation Degrees of freedom 
Mean 
sqmre 
F 
value 
Beplicat ions 
Idnes 
7reatsents 
Lines X treatments 
Error 
Total 
7 
9 
2 
18 
203 
239 
108.41 
575.70 
31027.47 
356.77 
18.20 
6.96 
31.63** 
1704.81** 
19.60** 
In a comparison of this analysis with tlmt for dry weights of 
roots (table 9) it say be seen that root voluae contributed 
nothing in the way of significance which was not contained in 
the root weigiXb analysis, fhe similarity of the F values in 
the two tables is striking. A correlation of 0.98 existed be­
tween root voluae and root dry weight. In view of these re­
sults root voluiae was not obtained in the later tests. 
Table 9. Analysis of Variance Based on Root Dry Weight, in 
drams. Test 3. 
Source of variation ^Sedon^^ square value 
Beplicatioas 7 0.37 4.29 
Lines 9 2.46 28.62** 
Treatments 2 165.72 1924.79** 
Lines X treatments 18 1.15 13.3G^ 
Brror 203 0.09 
Total 239 
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fhat charaotorlstlc differanees in tftxti2re or coai-
parative degree of fineness of roots existed between inbred 
lines bad been observed in the different tests, friiiary and 
corresponding lateral roots differed in diaawter frraa line to 
line. This was especially noticeable in iraiter culttire plants. 
In Plate 5 may be found extremes for this characteristic. 
Since the finer the roots of a system the greater stirface 
a given weight of roots will have, en attempt was made to 
grade the degree of fineness at harvest time. Five numerical 
classes were set up for each treatnaent. Due to wide differ­
ences between treatments, water cultures producing coarse 
roots, soil culttires intermediate to fine and sand cultures 
fine roots, no comparison was possible between treatments. 
The mean grade for each line grown on each treataaent is pre­
sented in table 10. 
These grades can only be considered as a rough evalua-
titm of the root systems. Individual lines were not con­
sistent in their relative ranking between treatanents. This 
may have been due to actual differences as caused by treat­
ment or to lnaoou3?aeies of classification. Under the ccmdl-
tl(»i8 of this experiment GB1S4, WF and FB were relatively 
fine rooted on all three treatments while Ldg, KH, and 
Ldg{K) were c<aisi8tently coarse rooted. Ldg and Ldg(K) also 
tended to give an appearance of large coarse roots because 
they had few laterals in proportion to the number of primary 
roots. 
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Table 10. Kean Eoot Grades of Ten Inbreds. Test 3. 
Grades are: 1, fine primaries and fine latemls; 
2, aediura priaaries and fine laterals; S, medium 
primaries and medittm laterals; 4, coarse primaries 
and mediiuB laterals; and 5, coarse p;>imaries and 
coarse laterals.^ 
Inbred 
Treatment 
Water Soil Sand 
ITB 1.8 3.3 2.6 
lidg 5.0 4.8 5.0 
KB 4.9 3.0 3.5 
MgW 4.8 2.9 3.6 
Bis 3.S 1.3 2.6 
Mc 3.1 3.8 3.9 
La(Bls) 4.4 2.9 2.9 
PR 2.3 1.6 1.6 
WF 1.3 1.5 1.5 
aB134 1.0 2.3 1.0 
* The per cent of laterals to primaries also affected the 
grades s<»ne«hat. A high per cent tending to gi7e the root 
an appeaz«noe of coarseness. 
Jjaheritance of top-root ratios in hybrids. 
Two tests y tising inbreds which had exhibited wide ratio 
differences (in tests 1, 2 or 3) and single crosses between 
them, were conducted to discover how top-root ratios are in­
herited in the ?! generation. The experiawnts were handled 
in t^e same manner as were those on the inbreds, i.e., 
utilizing aqueous solutions, soil and sand. 
Test 4. Two pairs of inbreds, each i»ir consisting of 
two lines with widely differing top-root ratios, and 
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reclprocal hybrids between llnea within each pair were tested 
with eight replications grown for six weelos (June 20 to 
August 2, 1939). Smithes solution was used for water cultures 
(this test was grown simultaneously with test 2 and the same 
nutrient solution, containing only 40 p.p.m. of nitrogen, was 
used). Mean top-root ratios are given in table 11 and their 
analysis of variance In table 12.*^  
Lines, treatments and the interaction of lines x treat­
ments have highly significant mean squares. Recii«rocal hy­
brids did not differ In their mean top-root ratios. Further­
more, mean ratios for hybrids were either the same or very 
nearly the same as those of their lower ratio parent. This 
means that hybrids, vhile producing larger top weight than 
the Inbreds, were able to produce enouglh root grcnrth so that 
the sa>oportlon of tops to roots was similar to the parent 
with the most root weight per unit of top weight. 
Mean ratio differences between hybrids and their high 
ratio parents and between hybrids and their low ratio parents 
appear in table IS. The mean difference between the high 
x%tio parents and the hybrids, tesed on all three treatments, 
was 2.79* 0.24 while that between the low ratio parents and 
the hybrids was 0.61^0.24. (Standard errors were calctilated 
^ Mean dry weight of tops and roots appear in the appendix 
for this and all succeeding tests. 
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Tablo 11, Mean 7op-Root Ratios of Inbrsda and l^brids 
Calculated from Dry Weights. Test 4. 
Xiine 
Treatment 
Mean 
Water- Soil Sand 
PE 
PR X Hy 
Hy X PR 
Hy 
84 
R4 X EE 
£E X R4 
m 
5.18 
2.21 
2.17 
2.50 
2.78®-
2.68 
2,79 
2.65 
5.61 
2.09 
2.24 
2.65 
2.58 
2.26 
2.11 
2.44 
2.72 
1.83 
1.71 
2.05 
2.28 
1.98 
1.86 
1,77 
5.17 
2.05 
2.04 
2.52 
2,55 
2.50 
2.25 
2.25 
Mean 2.58 2.49 2.02 2.57 
* One plant unit lost by disease. Data supplied by oeans of 
missing plot technique. 
Table 12. Analysis of Variance Based on Top-Root Ratios. 
Test 4. 
Source of variation ^feedm^^ square 
Replicati^s 7 0.46 
Lines 7 3.14** 
Treason ts 2 6.81** 
Lines X treatments 14 O.S2^ 
Krror 160# 0.11 
Total 190 
# One degree of freedom substracted for the datum supplied by 
missing plot technique. 
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fable 13, Meftn Plfferences in Top-Boot Ratios between S^^rids 
and Their High Ratio INirenta and between Hybrids 
and Their Low Ratio Parents. Test 4. 
Hybrid Hater Soil Sand Mean 
High ratio parent minus hybrid 
f® X Hy 
Hy X PR 
B4 X KB 
K B X R ^  
•0.97 
+1.01 
+0.10 
-0.01 
+1.62 
+1.37 
+0.33 
+0.47 
+0.89 
+1.01 
+0.30 
+0.42 
+1.13 
+1.13 
+0.24 
+0.29 
Sum 
s.e. of sum 
+2.07 
to. 41 
+3.69 
t0.41 
+2.62 
to. 41 
+2.79 
to. 24 
Low ratio parent minus hybrid 
PR X Hy 
^ X PR 
B^ X KB 
KB X R4 
+0.09 
+0.13 
-0.13 
-0.24 
+0.54 
+0.39 
+0.19 
+0.33 
+0.20 
+0.32 
-0.21 
-0.09 
+0.28 
+0.28 
-0.05 
+0.00 
Sum 
s.e. of sua 
-0.15 
to. 41 
+1.45 
±0.41 
40.22 
±0.41 
+0.61 
±0.24 
froiB the error variance of ths analysis of variance table. 
The first figure far exceeds that value necessary to be hi^ly 
significant <t test) for 160 degrees of freedom and a stand-
ax^ error of isO.24, while the latter figure is significant 
only at the 5 per cent point and is positive in value. Since 
hybrid z^tios were always subtracted fron those of their 
purents to obtain the differences in table 13, the positive 
* In the analysis of variance tables figures have been rounded 
to two deeia»l places. Because of the saall size of the 
•TTCv variance in this and in succeeding tables, values 
carried to four decimal places were used to calculate stand­
ard errors. 
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values Indloata that in this test hybrid ratios were actiially 
slightly lower than were those of their low ratio parents. 
Mean differences between the hybrids and their high ratio 
parents were highly significant for each treatment (s.e. = 
to.41 for these values). When hybrid ratios were compared 
with those of their low ratio parents for each treatment, 
only the value for soil, ->-1.45^0.41, attained significance 
indicating that hybrid ratios were lower in value than those 
of their low z«tio parents on this treatment alone. By com-
imring this value with those for water culttires and sand, 
i.e., 4-1.45 - {-0.16-»> 0.22)/2 a value of 4-1.414 0.61 is ob­
tained (this method is essentially finding the difference be­
tween differences which is the basis of a single order inter-
aeticm). fhe corresponding comparison involving the differ­
ences between the means of the hybrids and their high ratio 
parents gives a value of 4-1.55 10.51. These two eomparis<sis 
are both highly significant. Indicating that significance of 
the interaction of lines x treatments in the analysis of 
variance was i»irtially caused by the failure of inbreds and 
hybrids to behave relatively the same when grown soil as 
when grown on sand and water culttires. Why such a differ­
ential reaction of inbreds and hybrids should have occurred 
is not known. Other interaction eomponents tested, including 
interacticm of high and low ratio hybrid parents, with 
various treatment conbinations proved to be non-significant. 
Vhen mean differences between top or root weights of 
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Inbrods and hybrids on each treatment (table 14) were taken 
it was found that greater differences existed for soil and 
irater culttire plants than for sand culture plants Indicating 
that as plant nutrient supply was increased and the plants 
grew better, the hybrids made relatively more growth in both 
tops and roots than the Inbreds. 
Table 14. Mean Dry Weight in Grama of Tops and Roots of 
Inbreds and Hybrids for Sach Treatment. Test 4. 
; Tops • e Roots 
Treatment :Mean dry weight 
:Inbreds • Hybrids 
JDiffer-' 
:ence ; 
Mean dry weight 
Inbreds : Hybrids 
JDlffer-
:enoe 
Water 
Soil 
Sand 
7.95 10.72 
12.36 17.18 
5.18 4.91 
2.79 
4.82 
1.75 
2.97 4.41 
4.52 8.06 
1.54 2.77 
1.44 
5.54 
1.25 
Test 5. Five inbreds and five single cross hybrids were 
grown from April 2 to May 11, 1940. Hitrogen in the water 
cultures was imlntalned at 100 p.p.m. Mean top-root ratios 
are given in table 15 and the statistical analysis in table 16. 
The results are similar to those of test 4. Mean top-
root ratios for individual hybrids a^in were very similar in 
size to those of their low ratio parents. This held true 
whether individual hybrids were ccmposed of two relatively 
hl^, two low, or a high and a low ratio Inbred. That hybrid 
ratios as a group were slightly lower tlmn those of their low 
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T&ble 15. Mean Top-Boot Ratios of liibreds and Hybrids 
Calculated from Dry Weights, Test 6, 
Treatment 
Lines 
Vater Soil Sand 
Mean 
KR{Osf) 1.54 1.33 0.88 1.25 
mosf) X Ej 1.39 1.30 0.95 1.21 
Sy 1.66 1.67 1.06 1.43 
3j X m 1.61 1.28 0.94 1.24 
ER 1.50 1.39 0.99 1.29 
£R X FB 1.85 1.36 0.98 1.40 
FR 2.93 2.04 1.41 2.13 
PR X RA 2.17 1.63 1.15 1.65 
2.42 2.01 1.47 1.97 
PR X IRCOsf) 1.60 1.25 0.95 1.27 
Mean 1.85 1.62 1.08 1.48 
Table 16. Analysis of Variance Based on Top-Root Ratios, 
Test 5. 
Soiiroe of variation Degrees of freedoa Mean square 
Replications 
Lines 
Treatments 
ZJLnes x treatments 
Error 
7 
9 
2 
18 
205 
0.08 
2.5S^  
12,07^  
0.24** 
0.02 
Total 239 
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ratio jMsirents is evident in table 17» fhe laean difference 
based cm all three treatments was 4-0.2910.11 which is sig­
nificant at the 5 per cent level. Btowever, as in test 4, 
soil was the <%il7 treatment which gave hybrids with a signif­
icantly lower mean ratio than that of their low ratio inbreds 
(>0.63+0.19). 
The interaction of lines x treatments was higjily signif­
icant. fhe fact that a greater difference existed between 
hybrids and their low or high ratio inbreds when grown on soil 
as ccffiipared with the other two treatments accotuxts for part of 
this significance (0.63 - (-0.02+. 0.24)/2 = 0.52Js0.2S for 
hybrids coepared with their low ratio parents, 0.69*0.23 for 
hybrids oom|Mired with their high ratio parents). Several 
other significant comiArisoas were found but no consistent re­
sults pointing to inherited differences between inbred and 
hybrid ratios were discovered, indicating environmental varia­
tions as the probable cause. Furthermore, since several 
factors are varied at once when a comparison is made between 
plants grown <m water cultures, soil or sand, even if definite 
trends had been found it would have been difficult to have 
ascertained the causal factors. 
Grades based on texture of the root systems were taken 
in the same msnner as were those in test 3. Results are given 
in table 18. Hybrids were either intermediate or as coarse as 
the parent with the coarser type of roots. This may be seen 
in Plate 4. 
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Table 17. Mean Slffereixces in Top-Root Ratios between Hybrids 
aM Their High Ratio Parents and between Hybrids 
and Their Low Ratio Parents. Test 5. 
Hybrid Water Soil Sand Mean 
High ratio parent minus h:sbrtd 
KR(Osfi X Hy •0.27 +0.27 +0.11 +0.22 
By X IE +0.16 +0.29 +0.12 +0.19 
SR X PR +1.08 +0.68 +0.43 +0.73 
PR X R4 +0.76 +0.41 +0.26 +0.48 
PR X SR(Oaf) +0.82 +0,76 +0.52 +0.70 
Stm +S.08 +2.41 +1.44 +2.28 
s.e. of sum ±0.19 to. 19 to. 19 ±0.11 
Low ratio purent minus hybrid 
EB(Osf) X Hy +0.15 +0.03 -0.07 +0.04 
Hy X £R -0.01 +0.11 +0.05 +0.05 
£R X m -0.36 +0.03 +0.01 -0.10 
X R^ +0.25 +0.38 +0.32 +0.32 
PR X KRCOsf) -0.06 +0.08 -0.07 -0.02 
Svm -0.02 +0.63 +0.24 +0.29 
s.e. of sm to. 19 ±0.19 ±0.19 ±0.11 
Table 18. Mean Root Grades Based on Texture. Test 6. 
Line 
Treatment 
Water Soil Sand 
ERCOsf) 4.0 2.9 4.1 
KR(Osf) X Hy 4.4 4.0 4.1 
Hy 3.6 2.9 3.8 
Hy X KR 3.3 4.8 4.0 
KH 3.5 3.9 4.9 
ER X PR 3.1 3.3 2.9 
PR 2.3 2.5 1.5 
PR X R4 3.6 3.6 2.6 
R4 2.3 1.6 1.9 
PR X £R(Osf) 3.9 3.8 3.5 
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Respcaase of inlared and hybrid top-root ratios to phosphorus 
concentration. 
Since top-root ratios are affected by various environ­
mental factors, such as nutrient supply, it seemed desirable 
to study the resptmse of inbreds and hybrids to controlled 
concentrations of some of these factors. To this end two 
water culture experiments were conducted in which phosphorus 
was varied, fhe modification of Smith's solution was used for 
both tests. 
fest 6. Proffi Jan\»ry 26 to Max*ch 9, 1940, four Inbreds, 
consisting of two high and two low ratio lines, and four 
hylsrids were grown on three phosphorus croacentrations of 5, 
15 and 50 p.p.m. In adjusting KHgPO^ to obtain the desired 
phosphorus supply, no potassium salt was substituted to offset 
the changes in potasslxxm concentration which autceiatically 
accompanied changes in the phosphorus level. Since KCl in the 
solutlcm supplies a large amount of potasslxua, the small addi-
tioiMLl increments obtained from the i^osphate salt would have 
little effect on plant growth. 
The pH of each of the three solutions was as follows: 
5 p.p.m. (of phosphorus), 7.4; 15 p.p.m., 7.2 and 50 p.p.m., 
6.9. Since iron chlwosis Is easier to prevent in an acid 
than in an alkaline medium, all solutions were adjusted to a 
pH of 6.0 by adding H/lO HgS04. After having been in contact 
with plant roots for ten days the pH of the three solutions 
were: 6,2, 6.S and 6.1, respectively. 
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fable 19 presents the mean top-root ratios and table 20 
the analysis of variance. Zdnes, treatmwats and their inter* 
action were all highly significant. 
T&hle 19. Mean Top-Boot Ratios of Inbreds and Sj^rids 
Calculated from Dry Weights. Test 6. 
Phosphorus c<»icentration p,p.m. 
Lines I 71 IT Mean 5 15 50 
KB 2.00 2.41 2.47 2.29 
m X Hy 1.79 2.02 2.06 1.96 
Hy 1.5S 2.01 1.96 1.84 
PR X Hy 1.92 2.26 2.42 2.20 
PR 3.03 3.85 3.89 3.59 
X R4 2.37 3.10 2.93 2.80 
2.21 2.80 2.88 2.63 
X R4 2.06 2.55 2.31 2.30 
Mean S.ll 2.62 2.61 2.45 
¥able 20. Analysis of Variance Based on Top-Root Hatios. 
Test 6. 
Source of variation ^^^eedOT^^ Mean square 
Be plications 6 0.29 
liines 7 6.55^ 
Treataents 2 4.79^ 
I4jies X treatxients 14 0.12^  
Error 138 0.05 
Total 167 
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As in the previous tests, each hybrid ratio tended to be 
nearer to Idiat of its lower ratio {wrent. However, while in 
the previous tests average hybrid ratios were slightly lower 
than those of their low ratio parents, in this experiment 
they were slightly larger. The mean difference between low 
ratio parents and their hybrids was -0.67 ±0.15 (table 21), 
i^ich is highly significant. Mean differences between low 
ratio imrents and hybrids for each phosphorus level show that 
the hybrids consistently had larger ratios. Differences for 
6 and 15 p. p.m. of phosphorus were highly significant while 
that for 50 p. p.m. did not quite reach significance 
(-0.45± 0.26). 
An increase in mean top-root ratio occurred when phos­
phorus was raised from 5 to IS p. p.m. but no further increase 
was found for 50 p.p.m. Table 22 shows that both top and 
root weight were larger for plants grown on 15 than on 5 
p.p.m. of phosjjhoras. Since top-root ratios also beoame 
larger with this phosphorus increase, top weight must have 
increased more than root weight. At 50 p.p.m. of phosphorus 
neither top nor root weight were quite as large as for 15 
p.p.m. This was probably caused by a slight iron chlorosis 
which could not be completely prevented in plants grown on 
the higher i^osphorus level. Differences between inbred and 
hybrid top and root weights (table 22) indicate that, while 
both inbreds and hybrids became larger in size with increased 
phosphorus, the hybrids were able to increase relatively more 
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Table 21. Mean Differences in Top-Root Ratios between Hybrids 
and Their High Ratio Inbreds and between Hybrids 
and Their Low Ratio Inbreds. Test 6. 
Phosphorixs concentration p.p.m. 
Hybrid 
5 15 50 
Mean 
High ratio parent minus hybrid 
ER X Hy •0.21 +0.39 +0.41 +0.34 
PR X Hy +1.11 +1.59 +1.47 +1.39 
PR X R4 +0.66 +0.75 +0.96 +0.79 
£R X R^ +0.15 +0.25 +0.57 +0.32 
Sum +2.13 +2.98 +3.41 +2.84 
s.e. of sum ±0.26 to.26 ±0.26 to. 15 
Low ratio :»rent minus hybrid 
KR X Hy -0.26 -0.01 -0.10 -0.12 
PR X Hy -0.39 -0.25 -0.46 -0.37 
PR X R4 -0.15 -0.30 -0.05 -0.17 
SH X R4 -0.06 -0.14 +0.16 -0.01 
Sum -0.86 -0.70 -0.45 -0.67 
s.e. of sum to. 26 ±0.26 to. 26 ±0.15 
Table 22. Mean Dry Weight in Qrass of Tops and Roots of 
Inbreds and ^brids for Bach Treatment. Test 6. 
Phosphorus: Topa i Boots 
Concen- :Mean dry weight t Differ-;Mean dry weight tPiffer-
tration :Inbreds Hybrids: ence :Inbreds Hybrids: ence 
5 p.p.m. 3.90 5.37 1.47 1.85 2.67 0.82 
15 p.p.m. 4.84 7.46 2.62 1.90 5.09 1.19 
50 p.p.m. 4.40 6.59 2,19 1.70 2.80 1.10 
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than the inbreds^ 
One cause for the significance of the interaction of 
lines X treatments may he seen by comparing the mean differ­
ences between hybrids and their high and low ratio parents 
on each phosphorus level in table 21. The difference between 
the high ratio parents and the hybrids wluin grown on 50 p.p.m. 
was significantly larger than the corresponding differences 
obtained when the plants were raised on either 15 or 5 p.p.m. 
of i^osphorus, being <t-0.85t0.S7 and ^1.28± 0«S7, respectively. 
That these differences are positive in val\jw indicates that 
top-root ratios for the high ratio jwirents Increased rela­
tively faster with increased phosphorus tMn did tlwse for 
the hybrids. The same comparison between 50 and 15 p.p.m. 
was •f0.43t0.S7. This is non-significant but is positive In 
valtie showing the same trend. Differences between differ­
ences for any two idiosphorus levels In the "low ratio parent 
aintis hybrid" section of table 21 are small and non-signifi­
cant, Indicating that with increased phosphorus concentration 
hybrids and their low ratio parents did not respond differ­
ently. 
The difference between differences (Interactloni for the 
high and low ratio inbreds for 15 and 5 p.p.m. of phosphorus 
was •(•0.68 t 0.47 and for SO and 5 p.p.m. <#-0.36 t 0.47. These 
values are both positive. Indicating that the top-root ratios 
increased with idiosphorus concentration more rapidly for the 
high than for the low ratio parents. However, the values 
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&re not si^lfleant, casting soma doubt on the actual sig­
nificance of the above comparisons of high ratio parents with 
their hj^brids. 
Test 7. This experiaent was planned to check the re­
sults of test 6. Because of lack of seed different lines had 
to be used. Phosphorus conoent3*atioQS were adjusted to 1.67, 
5 and 15 p.p.m. Except for these changes the procedtire was 
the same as for test 6. The test was conducted tram Ifay 13 
to Jiine 20, 1940. Table 23 presents the mean top-root 
ratios, table 24 the analysis of variance and table 25 the 
mean differences between hybrids and their high and low 
ratio parents. 
Table 25. Mean Top-Soot Ratios of Xnbreds and Hybrids 
Calculated from Dry Weights. Test 7. 
Phosphorus concentration p.p.m. 
Lines =- — Mean 
1.67 5 15 
SR(08f) 1.61 2.11 2.38 2.03 
m(Oaf) X ITS 1.58 1.70 2.22 1.83 
ITE 1.93 1.99 2.28 2.07 
ITE X m 1.65 1.98 2.42 2.02 
m 2.29 3. SO 4.02 3.20 
m xw 2.25 2.60 3.15 2.67 
WF 2.80 2.79 3.77 3.12 
W X miOat) 2.08 2.26 2.72 2.35 
Mean 2,02 2.34 2.87 2.41 
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Table 24. Analysis of Variance Based on Top-Root Ratios. 
Teat 7. 
Source of varistiwi ^feed^°^ Mean sqtiare 
Replications 7 0.26 
Lines 7 6.68^ 
Treatments 2 H.7C^* 
Lines X treatments 14 0,45'^ 
Error 161 0.07 
Total 191 
Table 25. Mean Differences in Top-Root Ratios between Hybrids 
and Their High Batio Parents and between Hybrids 
and Their Low Ratio Parents. 
Phosphorus concentration p.p.m. 
Hybrid Mean 
1.67 5 15 
High ratio parent minus hybrid 
KR{Osf) X ITE +0.35 +0.29 +0.06 +0. 23 
ITS X PR +0.64 +1.32 +1.60 +1.19 
PR X IF +0.04 +0.70 +0.87 +0.54 
WP x_KR(0«fi +0.72 +0.6S +1.05 +0.77 
Sum +1.75 +2.84 +3.58 +2.73 
s.e. of sxim to. SO to. 30 to. 30 to. 17 
Low ratio parent minus hybrid 
ER(Osf) X ITS +0.03 +0.41 +0.16 +0.20 
ITS X +o.2a +0.01 -0.14 +0.05 
PR X WP +0,55 +0.19 +0.62 +0.44 
«F X KRiOsf) -0.47 -0.15 -0.54 -0.32 
Sum +0.99 +0.46 +0.S0 +0.37 
3«e. of sum to. 50 to, SO to.so to. 17 
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Batlos for all hybrids were slightly saaller in size 
for each phosphorus level than were those of their lower 
ratio parents. However, none of the laean differences were 
significant, the largest being •i>0.46A0.30 for 5 p.p.m. of 
phosphorus. 7he total mean difference between hybrids and 
their low ratio parents was •••0.37 t0«17 which is significant 
at the 5 per cent level. It is not possible to explain the 
fact that hybrid ratios were slightly larger in the previous 
test and slightly smaller in this test than those of their 
low ratio parents, since different lines were used in the two 
tests. 
freatment means showed a continuoxis increase in top-root 
ratio size with increased phosphorus concentration. In table 
26 and in Plate 5 it is apparent that top weight rose steadily 
with phosphorus concentraticm. Root weight increased with 
phosi^orus from 1.67 to 5 p.p.m. but gave no further increase 
in weight when phosphorus was raised to 15 p.p.m., indicating 
that optimum growth occurred at the middle level. Increase 
in top-root ratio with 5 to 15 p.p.m. of phosphorus was due 
to continued increase in top growth rather than to a differ­
ential growth rate of both tops and roots. 
Differences in table 26 between inbreds and hybrids in 
both top and root ^owth indicate that hybrids were able to 
make relatively more growth with increased phosphorus levels 
up to that concentration necessary for optimum growth than 
were t^e inbreds. This is api»rent in Plate 5. 
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fable S6, Mean Dry Weight in Qrams of Tops and Boots of 
Xnhreds and B^rids for Each Treatment, Test 7. 
Ph<^8phoru8 
Concen­
tration 
: Tops e e Boots 
•Mean dry weight : 
:Inbreds Hybrids > 
Differ-, 
ence * 
Mean dry 
Inbreds 
weight i 
Hybrids: 
M.ffer-
ence 
1.67 p.p.m. 
5 p.p.m. 
15 p.p.m. 
2.33 2.64 
4.42 6.27 
4.98 7.78 
0.31 
1.85 
2.80 
1.17 
1.83 
1.75 
1.43 
3.05 
3.09 
0.26 
1.22 
1.34 
When the interaction of lines x treatments ims broken 
up, several individual cctaparisons were significant. It was 
found that the higti ratio inbred parents of the hybrids in­
creased in top-root ratio frcm 1.67 to 5 and from 1.67 to 
15 p.p.m. of phosphorus relatively more than did the low 
ratio parents of the hybrids (the difference between two dif­
ferences for each was <>-1.03 t 0.52 and -1-1.9210.52, respec­
tively). When the interacticm of the hybrids and their low 
x^tio imrents with the various i^osphorus levels was con­
sidered, no significant values were found. Itowever, when 
the hybrids and their high ratio parents were cc«ipared on 
the various phosphorus levels it was found that values for 
the latter increased significantly more than did the hybrid 
ratios when phosphorus was raised from 1.67 to 5 {4'1.09 1 0.42) 
and from 1.67 to 15 p.p.m. (4-1.33 t 0.42} of phosphorxis. 
These results verify the indicaticm found in the previous 
experiment that hybrids and their lower ratio parents do not 
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increase in top-root ratio as rapidly as do their higher 
ratio parents with increased phosphorus supply. 
On the lower concentrations of phosphorus, roots were 
slightly finer in texture than on the higher levels (Plate 6). 
However, there was not sufficient contrast to allow for 
grading, 
Respcmse of inbred and hybrid top-root ratios to nitrc^en 
c onoentra t i en, 
In order to discover if various eonoentratims of nitro­
gen affectiKl top-root ratio inheritance in the same B»nner as 
did varying phosphorus levels, experiments were conducted in 
which the nitrogen portion was adjtisted to various levels. 
The buffered soluti<m was used for these tests. 
feat 8. Pour inbreds, consisting of two low ratio and 
two high ratio lines and four single crosses, were raised on 
the four nitrogen levels of 5, 16, 45 and 135 p.p.®. The 
plants were grown from December 26, 1940 to February 12, 1941. 
In table 27 appear the mean top-root ratios, in table 28 the 
analysis of variance and in table 29 the mean differences 
between hybrids and their high and low ratio parents. 
Eesults show that the hybrids as a group did not differ 
from their low ratio parents. The total mean difference was 
-0.11 to. 12. Furthermore, no difference existed between the 
two on any individual nitrogen level, the largest mean differ­
ence being -0.38 ±0.23. In table 29 it can be seen that 
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7abl« 27. Mean Top-Boot Batios of Inbreds and Hybrids 
Calculated from Dry Weights. Test 8. 
Kitrogen concentration p.p.m. 
Lines 
5 15 45 135 
Mean 
KB(Osf) 1.20 1.38 1.60 2.25 1.60 
SR(Osf) X R4 1.65 1.78 2.01 2.59 2.01 
2.44 2.77 2.78 2.97* 2.74 
R4 X m 1.98 2.27 2.59 3.00 2.46 
PS 2.31 2.60 2.95 3.61 2.87 
PR X ly 1.48 1.73 1.87 2.33 1.85 
Hy 1.65 1.68 1.77 2.16 1.81 
Hy X KR<Osfj 1.20 1.40 1.55 2.09 1.56 
Mean 1.74 1.95 2.14 2.62 2.11 
* (hie plant imit lost by disease. Data supplied by aissing 
plot teclmique. 
Table 28. Analysis of Variance Based on Top-Root Batios, 
Test 8* 
Source of variation Degrees of freedom Mean square 
Replications 5 0.16 
Lines 7 6.24** 
Treatments 3 6.87** 
Idnes X treatments 21 0.10** 
Brror 154# 0.03 
Total 190 
# (tee degree of freedon subtracted for datum supplied by 
missing plot technique. 
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Table S9. M»an Differeneas in 7op-Root Ratios between 
B^brids and Their High Ratio Inbreds and between 
B^brids and Their Low Ratio Inbreds, Test 8. 
Bitrogen concentration p.p.m. 
Hybrid Mean 
5 16 45 155 
High ratio parent minus hybrid 
ISCOsf) X R4 •0.79 +0.99 +0.77 +0.38 +0.73 
R4 X PR +0.33 +0.33 +0.36 +0.61 +0.41 
FR X Hy -••0.83 +0.87 +1.08 +1.28 +1.01 
Hy X KR(Osf) +0.43 +0.28 +0.22 +0.07 +0.25 
Sum +2.38 +2.47 +2.43 +2.34 +2.40 
s.e. of sum to. 23 to. 23 ±0.23 to.23 to. 12 
Low ratio parent minus hybrid 
KR(Osf} X R4 ••0.46 -0.40 -0.41 -0.34 -0.40 
R4 X PR +0,46 +0.50 +0.19 -0.03 +0.28 
PR X Hy +0.15 -0.05 -0.10 -0.17 -0.04 
Hy X ER(08f) 0.00 -0.02 +0.06 +0.16 +0,05 
Sum +0.16 +0.03 -0.27 -0,38 -0.11 
s.e, of sum tO.23 to. 23 to. 23 to. 23 ±0.12 
hybrid ratios were significantly lower than those of their 
high ratio parents for all, as well as for Mch individtial 
trea^ent. 
Treatment means (table 27) increased steadily with 
nitrogen concentration. By breaking up the smi of sqtiares 
for treatment in the analysis of variance into its linear, 
quadratic and cistoic |»rts the araan sqiiares obtained are 
19.47 , 0.87 and 0,25, respectively. While all are significant 
when tested with the error term, the bulk of the increase in 
ratio was linear. 
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Both top and root weight increased steadily (table 30) 
up to 45 p.p.m. of nitrogen. Increase in top-root ratio up 
to this point was due to a differential growth rate between 
tops and roots. Ho further increase in root weight occurred 
when nitrogen was raised from 45 to 135 p.p.m., indicating 
that the further increase in top-root ratio for thia level was 
due to top growth alone. 
fable 30. Mean Dry Weight in Orams of Tops and Roots of In-
breds and hybrids for Each 'treatment. Test 8. 
Hitrogen * ^ ' • • ^ 
Concen- iMean dry yight : Differ-: Mean dry weight : Differ-
tr&tiocL : Inbreds Hybrids t ence t Xnbreds Sybrids: enoe 
& p.p.m. 1.61 1.67 0.06 0.91 1.08 0.17 
15 p.p.m. 2,57 2.98 0.36 1.32 1.67 0.35 
46 p.p.m. 3.61 4.88 1.27 1.72 2.51 0.79 
135 p.p.m. 4.16 6.17 2.01 1.64 2.51 0.87 
fhe increase in differences between inbreds and hybrids 
in table 30 also demtmstrates that the hybrids were able to 
make relatively better growth in both tops and roots than 
were the inbreds as the nitrogen level approached that level 
necessary for optimam plant growth. 
Intezn&otion of lines x toeatments in table 28 was 
highly significant. However, no significant interacti<»i be­
tween high and low ratio inbreds, between hy^ids and tbair 
low ratio {Miirents or between hybrids and their high ratio 
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pftrenta waa fcund. Kltrogen caused no differential response 
aacaig the three ccmiwrisons under the conditions of this ex­
periment. Therefore, the significance of the interaction 
variance was due to other causes. 
Photographs were taken shortly before harresting. Plate 
7 illustrates the added growth of topeand roots that occurred 
with increased nitrogen c(»icentration. The ability of a 
hybrid to Biake proportionally greater growth as nitrogen 
levels approach a concentration sufficient for optimum growth 
is also evident. Beduced nitrogen had a amrked effect on 
root texture« causing roots to become longer and slenderer. 
This can be seen in Plate 8» while a summary of root ^:>ades 
based cm fineness is presented in table SI. 
Treatment means show that a direct relationship existed 
between root texture and nitrogen level. The higher the 
nitrogen, the coarser were tlM roots. Each hybrid mean i»s 
intermediate with respect to its parental means. 
Test 9. This experiment was essentially a repetition 
of the previous test. The same lines were grown on the nitro~ 
gen levels of 4, 16, 64 and 256 p.p.m. As a precaution 
against toxicity from the ammonium ion of the ammonium nitrate, 
0.5 p.p.m. of manganese chloride was added to the nutrient 
solution (see Am<m, 2). The experiment was conducted from 
March 22 to April 30, 1941. I>ae to a much more favorable 
growing season, solutions were changed about twice as often 
as f<^ test 8. Tables 32 and 33 present the data and 
-61-
Table 31. Mean Boot Qradea Based on Texture. Test 8. 
Sltrogen eonoentration p.p.m. 
Line Mean 
5 15 45 135 
£E(OsfJ 5.3* 6.8 8.2 9.3 7.4 
SH(Osf) X Ra 4.8 6.5 7.8 9.0 7.0 
S4 3.8 5.0 6.5 7.0 5.6 
R4 X PS 2.0 2.8 5.3 5.7 4.0 
1.2 2.7 4.8 6.3 3.8 
m X By 2.3 2.7 5.2 6.5 4.2 
Hy 3.5 4.8 6.7 7.5 5.6 
By X KR(Osf) 4.0 4.8 6.8 7.5 5.8 
Mean 3.4 4.5 6.4 7.4 5.4 
^ Sufficient contrast existed so that ten classes could be 
discez^ed instead of five. By using ten classes and 
grading all treatments with one set of standards e(»ipara-
tive values were obtained between treatments. 
^ble 32. Mean Top-Root Ratios of D^breds and Hybrids 
Calculated from Dry Weights. Test 9. 
9itrogen concentraticm p.p.m. 
Lines Mean 
4 16 64 256 " 
IR(Osf) 0.86 1.07 1.34 1.89 1.29 
KR(Osf) X R4 1.33 1.50 1.99 2.04 1.71 
B4 2.10 2.76 2.42 2.64 2.45 
R4 X PR 1.70 2.14 2.14 2.63 2.15 
m 2.04 2.39 2.68 3.25 2.59 
PR X Hy 1.23 1.43 1.57 2.04 1.57 
Hy 1.25 1.43 1.36 1.73* 1.44 
Hy X KR(Osf) 0.92 1>08 1.30 1,55 1.21 
Mean 1.43 1.72 1.85 2.21 1.80 
* One plant imit was lost due to disease. Data were supplied 
by means of missing plot technique. 
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fable 33. Analysis of Variance Based on Top-Root Ratios. 
Test 9. 
Source of variation ^fre^^**^ Mean square 
Replica ticms 5 0.08 
Lines 7 6.79*^* 
Treatments 3 4.99**"* 
Lines X treatments 21 O.IS?^* 
Error 164# 0.02 
Total 190 
# One degree of freedom was subtracted for the dattaa supplied 
by missing plot technique. 
Table 34. Mean Differences in Top-Root Ratios between 
B^brids and Their High Ratio Parents and between 
Hybrids and Their Low Ratio Parents. Test 9. 
Bitrogen coneentraticsi p.p.m. 
Hybrid = 
4 16 64 256 
Hl^ ratio parent mlnas hybrid 
ER(Osf} X R4 
R4 X PR 
PR X Hy 
Hy X IRCOsf) 
•0.77 
•0,34 
•0.81 
•0.33 
•1.26 
•0.26 
•0.96 
•0.35 
•0.43 
•0.54 
•1.11 
•0.06 
•0.60 
•0.62 
•1.21 
•0,18 
•0.74 
•0.44 
•1.02 
•0.23 
SUB 
s.e. of sum 
•2.25 
to. 16 
•2.32 
±0.16 
•2.14 
^0.16 
•2* 51 
to. 16 
•2.43 
t0,08 
Low ratio i^rent minus h^ibrid 
ER(Osf) X R4 
E4 X PR 
FI X % 
Hy X IR(Osf) 
-0.47 
•0.40 
•O.C^ 
-0.06 
-0.43 
•0.62 
0.00 
-0.01 
-0.65 
•0.28 
-0.21 
•0.04 
-0.15 
-0.09 
—0.31 
•0.34 
-0.43 
•0.30 
-0.12 
•0.08 
Sum 
s.e. of sum 
-0.11 
±0.16 
•0.18 
±0.16 
-0.54 
to. 16 
-0.21 
to. 16 
-0.17 
±0.08 
-53-
analysls, respectively, and table S4 the mean differences. 
The results of this test tend to substantiate the 
findings of the previous nitrogen experiiaent. Although the 
interaction of lines x treatments ims again significant in 
the analysis of variance table, no consistent interaction 
existed between the high and low ratio parents of the hybrids 
or between either group of parents and the hybrids. Of the 
indidlvual tests unde within the interaction only two were 
significant, namely those of the hybrids with their hi^ and 
with their low ratio parents when the nitrogen was raised 
from 16 to 64 p.p.m. This interaction was caused by the rela­
tive high ratio of the hybrids on 64 p.p.m. of nitrogen, this 
being the only level wherein they differed tT<m their low 
ratio parents (see table 34). Variability of hybrid and in­
bred ratios on 64 p.p.m. is probably the cause for total mean 
hybrid ratios being significantly higher than those of their 
low ratio i^rents (mean difference = -0.17 ±0.08). 
Resp<»ise of inbred and hybrid top-root ratios to soil 
moisture. 
Other workers have foimd that increased moisture in the 
soil results in a larger top-root ratio (17, 25, 29). 
Accordingly it seemed desirable to see how the inheritance of 
ratios is affected by various moisture levels, 
Test 10. Three inbreds and three hybrids were grown 
from October 15 to Deceiver 4, 1940 in glased gall<m jars 
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filled with compost soil mixture. In setting up the exi>eri-
ment calcius acid phosphate was added to the soil at the rate 
of three grama per jar. Rnpty Jar weight, dry weight of soil, 
the field percentage and the wilting percentage of the soil 
wez>e determined (methods used in determining the field and 
wilting percentage of the soil were those described by Loomis 
and Shull, 21). fhe field percentage of the soil used was 
16.16 and the average wilting percentage, 8.06. The mean 
wilting percentage for each line as determined from six ran-
donized replications, each replicati<m containing six lines, 
was as follows: WF, 8.90; WP x Hy, 7.78; Hy, 8.05; Hi x Hy, 
7.66; R8, 8.22 and PR x W, 7.93, Slight variations appear 
to exist between lines which may or may not be inherited. 
That the inbreds had c^sistently higher wilting percentages 
than the hybrids would indicate that this difference may have 
been due to technique in handling since the inbred roots had 
not penetrated th.e soil as thoroughly as had the hybrid roots 
at the time wilting percentages were determined. 
When ths plants of the main experiment were ten days of 
age a jmraffined, two and one-half inch clay pot was placed 
in an inverted position on the soil surface of each gallon 
jar and approximately an inch of dry washed river sand placed 
around the pot on the top of the soil. The sand was used to 
reduce surface evaporation from the soil. By watering 
through the hole in the bottom of the inverted pot, water 
could be added to the soil without wetting the laalch to any 
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•xtent. ^oh Jar weight was eorreeted for the weight of the 
pot and sand. 
Three soil soistxire levels per line per replication were 
aaintained as follows: 8-17, 11-17 and 24 per cent. For the 
first two levels the jars were brought to 17 per cent aoisture 
by weighing and then were allowed to be reduced to the lower 
level by plant usage of the moisture. For the third level 
the jars were weighed daily and kept at 24 per cent moisture. 
Weight of each jar was corrected every three or fotir 
days for ®peen plant weight. Six replications were grown. 
The results are presented in tables 35, 36 and 57. 
Table 35. Mean Top-Root Ratios of Inbreds and lE^rids 
Calculated from Dry Heights. Test 10. 
Idnes Per cent soil moisture Mean 
8-17 11-17 24 
WP 2.91 3.47 5.60 3.99 
WF X ly 3.16 3.12 4.29 3.52 
Hy 3«24 3.40 4.36 3.67 
PB X ^  3.47 3.53 4.21 3.74 
FH 5.83 5.42 6.97 6.07 
PR X HF 3.42 3.64 5.49 4.18 
Mean 3.67 3.76 5.15 4.20 
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Table 36. Amilysla of Variance Based on Top-Boot Batlos. 
Test 10. 
Source of •ariation ^^^eed^^^ *®«ua square 
Eepllcations 5 0.17 
Lines 6 16.19^^ 
Treafaaents 2 24. 
U.nes X treatments 10 0.95** 
Irror 85 0,17 
Total 107 
Table 37. Mean Differences in Top-Eoot Batlos between 
Hybrids and Their High Batio Inbreds and between 
Hybrids and Their Low Batio Inbreds. Test 10. 
Hybrid 
Per cent soil moisture 
Mean 
8-17 11-17 24 
High ratio parent ninus hybrid 
WP X Hy 
PR X Hy 
PR X W 
-0.25 
+2.36 
+2.41 
+0.35 
+1.89 
+1.78 
+1.31 
+2.76 
+1.48 
+0.47 
+2.34 
+1.89 
SUB 
s.e. of Sim 
+4.52 
to. 47 
+4.02 
±0.47 
+5.55 
±0.47 
+4.70 
±0.27 
Low ratio parent aintis hybrid 
*F X Hy 
PR X Hy 
PB X HP 
+0.08 
-0.23 
-0.51 
+0.28 
-0.13 
-0.17 
+0.07 
+0.15 
+0.11 
+0.14 
-0.07 
-0.19 
SUB 
s.e. of SUB 
-0.66 
±0.47 
-0.02 
±0.47 
+0.33 
±0.47 
-0.12 
*0.27 
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Mean differences between hybrid ratios and their low 
ratio |»rents were non-significant whether they were calcu­
lated for the experiment as a whole or for each individtml 
moisture level. On the other hand, hybrid ratios were lower 
than their high ratio parents for all ccmparisons (the 
smallest mean difference was •»-4.02 t 0.47). 
The mean top-root ratio far the lowest moisture level 
was S.67, ifiiile for tatie intermediate level, it was 3,76. By 
breaking up the sum of squares for the two degrees of freedom 
for treatment into single units so that these two means were 
c<»ipared, a mean square of 0.18 was obtained. This was not 
significant, indicating that the variation in treatment 
effects on top-root ratios occurred between the intermediate 
and high moisture levels. 
fhe interaction of lines x  treatments was highly sig­
nificant. lo diffejrence was found in the interaction of the 
high and low ratio hybrid parents with moisture levels. Also 
no interaction occurred between the hybrids and their low 
ratio i»rent8. Therefore, the significance of the inter­
action variance was caused by different reactions to treat­
ment within the groups of inbreds and hybrids. 
Both top and root growth increased with increased soil 
moisti;are (table 38). The hybrids not only made greater 
growth in both tops and roots at the low moisture level than 
did the inbreds, but also, when the soil moisture was raised 
and both tops and roots for all lines Butde more total growth. 
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fable 38. lean Dry Weight in Grams of Tops and Roots of 
Inbreds and Hybrids for Each Treatment. Test 10. 
Fer cent • Tops e • Roots 
soil 
moisture 
:liean dry weight : 
: Inbreds H^rbrids; 
Differ-: 
ence : 
Mean dry weij^t 
Inbreds Hybrids 
iDiffer-
: ence 
8-17 
11-17 
24 
2.76 4.71 
4.24 6.50 
5.82 11.22 
1.95 
2.26 
5.40 
0.75 1.41 
1.09 1.91 
1.09 2.51 
0.66 
0.82 
1.42 
the hybrids were able to make a relatively greater increase 
than did the inbreds. 
Test 11. This experiment is a repetiticm of the previous 
one except that another moisture level was added and also it 
was conducted during a different season of the year. The 
saturaticm percentage, not determined in the first test, field 
and wilting percentages of the soil were found to be 34.7, 
14.5 and 7.0 per cent, respectively. The four soil moisttire 
levels used were as follows: 7.5-15.5, 11-15.5, 17.5 and 
20.8 per cent. 3n relation to the moisture characteristics 
of the respective soils used the first two levels and the 
last corresptmd rou^ l^y to the percentages used in test 10. 
Hwever, different results might be expected since this 
experiment was grown in the sirring (April 23 to ley 29, 1941} 
while test 10 was grown in the winter. As a result, the 
plants reduced the moisture per cent of the soil faster and 
the low levels went frcni their high to low moisture per­
centages more often during the course of this experiment. 
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The means are presented in table 39, the analysis of 
variance in table 40 and the mean differences in table 41. 
ITable 59. Mean 7op-Boot Ratios of Inbreds and Hybrids 
Calculated frora Dry Weights, Test 11. 
Per cent soil moisttire 
Lines Mmui 
7.5-1S.5 11.0-15.5 17.5 20.8 
WP 1.99 2.57 2.68 3.41 2.66 
IF * Sy 2.44 2.52 2.17 2.71 2.46 
Hy 2.15 2.85 2.30 3.09 2.72 
KB X Hy 2.41 2.71 2.71 2.75 2.64 
m  3.42 3.68 4.15 4.98 4.06 
x W  2.40 2.65 2.80 3.46 2.83 
Mean 2.47 2.83 2.88 3.40 2.90 
fable 40* Analysis of Variance Based on Top-Boot Batios. 
Test 11. 
Source of variatic® ^freedw**^ Mean square 
Replications 4 0.46 
Lines 6 6.77^ 
Treatments S 4.42^ 
Idnes X treatments 15 O.ST^ 
Rrror 92 0.06 
Total 119 
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Table 41. Mean Differences in Top-Root H&tios between 
Hybrids and Their High Ratio Parents and between 
Hybrids and Their Low Ratio Parents. Test 11. 
Hybrid Per cent soil moisture Mean 
7.5-16.5 11.0-15.5 17.5 20.8 
High ratio i»rent minus hybrid 
WF X Hy 
Hy X PR 
x W  
-0.29 
+1.01 
+1.02 
+0.33 
+0.97 
+1.03 
+0.63 
+1.44 
+1.35 
+0 . 38 
+2.23 
+1.52 
+0.26 
+1.41 
+1.23 
Sum 
s.e. 
+1.74 
to. 32 
+2.33 
to. 32 
+3.42 
to. 32 
+4.13 
to. 32 
+2.90 
±0.16 
Low ratio parent minus hybrid 
WP X Hy 
Hy X ^  
PR X HP 
-0.45 
-0.26 
-0.41 
+0.05 
+0.14 
-0.08 
+0.51 
+0.09 
-0.12 
+0.70 
+0.34 
-0.05 
+0.20 
+0.08 
-0.17 
Srm -1.12 4-0.11 +0.48 +0.99 +0.11 
s.e. tO.52 ±0.32 tO.32 tO.32 t0.16 
Results are similar to those found in test 10. Ho dif­
ferences existed between total mean top-root ratios of the 
hybrids and their low ratio parents. When they were compared 
on individual moisture percentages they differed only on the 
lowest level, hybrids having a larger ratio than the inbreds. 
Again, the interaction was highly significant. As in the 
previous test, no interacticm between the high and low ratio 
lines used as hybrid parents with moisture level was found. 
Also, hybrids differed from thsir low ratio parents in their 
reaction to soil moisture only when comparisons were made 
involving the lowest moisture level. The mean difference 
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between the low ratio parents and the hybrids on the low 
moisttxre level was -1.65 ±0.37 less than the average mean 
differonce between low inbreds and hybrids for the other 
three moisttire levels. The same cosBi»risoci of differences 
for the hybrids and their high ratio parents was -l.&5i 0.37. 
These values are highly significant. Why the hybrids and 
inbreds should react differently at this soil aoisture level 
and not at the others is not apparent. 
Pictures were taken when the plants were harvested. Ih 
Plate 11 say be seen the increased plant growth that occurred 
with added soil moisture. Plate 12 shows root texture as 
affected by soil moisture. Irfjwer soil moistxire produced 
slightly finer roots than did high levels but not to such an 
extent as to facilitate visual grading. 
Summary of hybrid response: Comparisons of the avez^ge 
top-root ratios fcr hybrids grown in each test with the aver­
age ratios of their high and of their low ratio parents are 
lO'esented gz«phically (on an arithmetic basis) in figures 4 
and 5 for tests 4 to 11, inclusive. It is evident that in all 
tests the hybrid ratios were much closer to their low than to 
their high ratio parents in SIES. The difference betweoi the 
hybrids and their high ratio parents always far exceeded tiie 1 
per cent level of significance. In only two experiments out of 
the eight (tests 6 and 9) were the ratios for hybrids statis­
tically higher tlimn their low ratio parent and one of these 
(test 9) barely attained the 5 per cent level of significance. 
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Three tests (4, 5 and 7) bad hybrid ratios which were lower 
(5 per cent level of significance) than those of their lower 
ratio parent. 
It is also apparent fr(»ti the graphs that of the three 
treatnents employed, i.e. phosphorus, nitrogen and soil nois-
ture, only on phosphorus is there a consistent difference in 
the slope of the lines, indicating an interaction of lines 
with treatments. With phosphorus the high ratio parents in­
creased in ratio size faster than did the hybrids and their 
low ratio parents, the latter two not differing. 
Effects of soil sterilization on top-root ratios. 
Soil organisms may affect top-root ratios by attacking 
and destroying the roots. Tests were conducted to find what 
differences were made in top-root ratios by sterilizing the 
soil, so that seedlings might make their early growth, free 
from soil born pathogens. Plants were grows in six inch 
pots in sterilized and non-sterilized soil. Both groups of 
pots and soil were treated the same, except that one set was 
autoclaved under fifteen pounds of pressure for two hours. 
Ho effort was made to keep the soil sterile dtiring plant 
growth, the experiments being grown on a greenhouse bench 
and watered with tap water. 
fest 12. Six replicaticfios of six inbreds were grown 
fr<»B Hovember 20, 1940 to January 1, 1941. Plants grown on 
sterilized soil produced a more rapid early growth than those 
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OQ non-atori11zed soil. At three to four weeks of age 
rather noticeable differences were present. After this time 
the differences began to decrease. Of interest here is the 
fact that upon harvesting, roots frc^ both treatments were 
on the whole white and quite free of necrotic areas usually 
associated with disease. However, those roots grown in non-
sterilized soil possessed a few more such areas than did 
those grown in sterilized soil. 
fable 42 presents the mean top-root ratios and table 43 
tiw analysis of variance. The mean for sterilized soil was 
4.24 while that for ncm-sterilized soil mis 3.36. This 
difference was enough to be highly significant in the analysis 
of variance table. The interact 1^ of lines x treatments was 
not significant showing that all lines responded in the same 
manner to treatments. 
Table 42. Mean Top-Boot Batios of Inbreds Calculated frc» 
Qry Weights. Test 12. 
Sterile Son-sterile „ 
Mil aoll 
ITB 2.89 2.81 2.85 
PR 6.29 5.66 5.97 
Ea 4.74 4.12 4.43 
Hy 4.04 3.26 3.65 
WP 4.31 3.89 4.10 
KB 3.15 3.43 3.29 
Mean 4.24 3.86 4.05 
-66-
fable 43, Analysis of Varlanca Based tm Top-Eoot Hatios. 
7est 12* 
Source of variation Degrees of freedom Mean square 
Eeplioations 5 0.52 
Ifines 5 14.47** 
Treatments 1 
Unes X treatments 5 0.48 
Error 56 0.23 
Total 71 
Test 13. This experiment is a repetiticm of test 12. 
Four inhreds and three hybrids were raised fre« April 28 to 
May 31, 1941. Results given in table 44 and tlM analysis of 
variance in table 45 substantiate the findings of test 12. 
fable 44. Mean Top-Eoot Eatios of Znbreds and Hybrids 
Caleulated frora Dry Weights. Test 13. 
£dnes Sterile 
soil 
Hon-sterile 
soil Mean 
2,41 2.45 2.46 
KB X 2.44 2.33 2.38 
R4 3.36 3.57 3.46 
R4 X P® 3.28 2.57 2.93 
m 4.65 3.93 4.29 
PR X Hy 2.46 2.30 2.38 
Sy 2.70 2.65 2.67 
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Table 45. Analysis of Variance Based on Top-Boot Ratios. 
Test 13. 
Source of variation Degrees of freedom Mean square 
Beplications 6 0.23 
Lines 6 4.67** 
Treatments 1 1.18?^  
Lines X treatments 6 2.8S** 
Irror 78 0.11 
Totel 97 
The mly difference is that the interactim is significant. 
A large share of t^is was caused by the difference in action 
between inbreds and the rest of the lines, this particular 
line giving opposite results frtaa the others. The sane was 
true of IE in test 12 but it did not cause sufficient 
variance in that test for a significant interaction. 
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DISCUSSION AND CONCLUSIONS 
In order for plants to have survived under the force of 
natural selection there must be some mechanism controlling 
the balance between top and root growth. While many workers 
have studied the effects of envircmmental factors upon the 
relative size of tops and roots, few have considered the in­
herited mechanisms concerned. In the present investigaticm, 
by the use of homozygous inbred lines of com and controlled 
environmental conditions, it has been demonstrated that 
rather large inherited differences in top-root ratios may 
exist within a species. Althotigh top-root ratios were altered 
for all strains by different environments (soil, low nutrient 
sand and nutrient water cult\ires as growing mediums), inbreds 
occupied approximately the same rank from (me treatment to 
another. Inbreeding has thus isolated genes which tend to 
control the proportion of tops to roots. That several genes 
are involved ia evident from the fact that when numerous in­
breds were grown under similar environmental conditions they 
displayed a continuous range of ratios rather than a few 
distinct classes. 
fop-root ratios for hybrids of inbred lines possessing 
different ratios, either did not differ, or were only slightly 
different from those of their lower ratio parents in all 
cases studied. This was true whether the hybrid combination 
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oonaisted of a high and a low; two high or two low ratio 
inbreds. Such results indicate dominance of factors for low 
top-root ratios. 
Thus a hybrid, despite the fact that it may show hybrid 
•Igor and produce sore total top growth than either jMirent, 
will still produce enough roots so that the propca»tion of 
roots to tops is similar to that of the parent possessing 
relatively more roots. This is of distinct advantage both 
tvom the standpoint of lodging resistance and nutrient ab­
sorption. Since the proportion of tops to roots is the same 
for hybrids as for their lower ratio parents, the necessity 
of selection for strong rooted inbreds is apparent if it is 
desired to obtain hybrids with relatively large root systems. 
Smith (S6) found dominance in inheritance of the 
branched root type. Since it has been shown in this study 
that hybrids l^ve as much root weight per tuait of top weight 
as have their stronger rooted parents, it may be assumed that 
the abs(»pbing surface of hybrid roots per tinit of top weight 
is at least as great as that of their inbred with the largest 
surface. 
D<»Binance of major factors for low top-root ratios would 
not be in accord with Spencer's (39) results wherein 
hybrid ratios were intermediate to those of their parents. 
Both his work and the present investigation may be criticised, 
his because he did not sample entire root systems; the 
present work because results are based on plants grown under 
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abnormal conditions, and also bscauae the association between 
ratios for six-week old plants and mature plants was not 
detenained. 
Top-root ratios increased for both hybrids and their 
parental inbreds as phosphorus was raised from levels limiting 
to plant growth toward optimtia concent ratios. No signifi­
cant differences occurred in rate of increase between the 
hybrids and their lower ratio parents. Wien the rate of 
hybrid increase was ooa^red witii that of the higher ratio 
j)arents it was found that, as the phosphorus level was raised, 
ratios for these inbreds increased faster than did those for 
the hybrids, or inversely, as i^osphorus becomes limiting, 
top-root ratios decrease more rapidly for the high ratio 
parents than for the hybrids or their low ratio parents. 
Smith (36) found a high ratio of secondary to primary 
roots in phosphorus efficient inbred lines of com and a low 
ratio with phosphorus inefficient lines. He advanced the 
theory that phosphorus efficiency lies in a large absoz<bing 
surface, a factor of importance to the plant since phosphorus 
moves very little in the soil solution. Isnce to grow well 
on. soils low in phosphorus the plant must have a ramifying 
root system. In the nutrient soluti<si used, where phosi^ orus 
becomes quickly precipitated out of solution, the plant with 
the large absorptive area would have the advantage in ab­
sorbing phosphorus before it became unavailable. 
When the quantity of any substance absorbed by the 
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roots, i.e., any nutrient or soil moisture, is instifficient 
for optimum growth, the largest part of that absorbed is used 
(along with organic foods translocated from the tops) in root 
growth. Top growth is thereby relatively more limited than 
root growth, resulting in low ratios. Inversely, when the 
amount of the substance absorbed by the roots is greater, 
relatively larger quantities are translocated to the tops 
where it is utilized in top growth. Under these conditions 
most of organic foods produced in the tops are utilized 
in their growth with very little being translocated to the 
roots causing reduced root growth and large top-root ratios* 
Therefore, if a correlation between root weight and 
root surface exists, plants with the lowest top-root ratio 
(i.e., with moat roots and therefore with the greatest ab-
s<n'bing surface per unit of top weight) will absorb the most 
phosphorus per weight of top resulting in less phosphorus 
deficiency and less reductim in top growth. This would lead 
to smaller reductiwis in top-root ratios or, inversely, to 
smaller increases with added phosphorus, tAien the initial 
supply is limited. Thus, hybrids with top-root ratios similar 
to those of their low ratio i^rents, would follow that parent 
in resptmse. Results of both tests 6 and 7 agree with this 
interpretaticm. However, it should be realized that only two 
tests were conducted on phosphorus in these studies and that 
in each of them only three levels were used. Therefore, the 
results need verification. 
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Hybrid and inbrad ratios resp<sidftd similarly to various 
nitrogen levels, tbe rate of ratio increase as nitrogen was 
raised from low to high concentrations being similar for 
hybrids, for their low ratio parents and for their high ratio 
parents. This would be expected since nitrogen is not pre­
cipitated out of solution in water cultures and should be 
equally available to all plants regardless of their type of 
root system. 
Hybrid and inbred top-root ratios increased similarly 
as soil moisture was raised from low to high levels. Although 
tiM water supply may be reduced below that necessary for 
optimum growth, causing lowered top-root z*atios (tops suf­
fering the most, being farthest from the supply), the roots 
will continue to grow throughout the soil, obtaining mois­
ture until it is reduced to a point where it is comparatively 
unavailable (approximately the wilting percentage). There­
fore, if soil moisture is reduced to the same level fca> all 
plants hmtorm being replenished, there is no reascm to asstme 
that the top-root ratio decrease should be proportionally 
less for a plant with a large ratio (i.e., few roots) than 
for a plant with a small ratio. 
Althoagti hybrids, their high ratio parents and their low 
ratio |»rent8 all resposided similarly to increased nitrogen 
or soil moisture supply, the interaction for each nitrogen 
and soil moisture experiment was significant. This would 
indicate tbat individual inbreds or hybrids were reacting 
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diff«rently than the general group reaction to the treat­
ments. It Is entirely possible that in Indlvldtial lines 
there are genetic factors which cause the top-root ratio 
respmise to treataient to he different than the group response 
of all lines. No attempt was made to study these cases. It 
would take repeated tests of particular crosses to bring out 
these relatltmshlps. 
Borkholder and McVeigh (5) found that as nitrogen was 
raised from low to hl^ levels the ratio of dry weight of 
hybrids to dry weight of their Inbred parents Increased In 
every case. Smith (35) reported that where plants were 
raised on low quantities of mineral nutrients the failed 
to show as much hybrid vigor as when they were supplied with 
an optlmom amount of mineral nutrients. The present stttdy 
confirmed their findings. It was found tlmt for nltr^en, 
l^osphorus or soil moisture that the hybrids were able to 
B»ke proportionally greater growth in both tops and roots 
than were the Inbreds as the concentrations were raised from 
low to hi^ levels, fhis may be Interpreted as an expression 
of hybrid vigor. 
Sterilisation of the soil in which plants were grown 
gave larger total growth of both tops and roots and a larger 
top-root ratio than did non-sterilised soil. Since, on 
harvesting, roots grown in non-sterilized soil appeared to 
be only slightly more diseased than those grown an. sterilized 
soil, it is doubtful if these responses can be explained by 
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disease effects. Johnson (16) explained the beneficial 
action of heated soils as due largely to the aamonia lib­
erated on heating. The presence of an increased anrnKmia 
supply would have the same effect as was found for increased 
nitrogen in the above experiments and is probably the ex­
planation of the results obtained. 
loot systems were classified into ntmerical grades on 
the basis of texture or degree of fineness in various tests, 
the grades being a rough indication of ccaaparative root sur­
face per unit of root weight• Although various culture 
mediums and different levels of soil moisture and mineral 
salts (especially nitrogen) altered the texture of all lines, 
each inbred displayed a characteristic degree of fineness 
indicating that genetic factors are probably involved. 
Grades for hybrids either approached their coarse rooted 
imrent or were intermediate between the jmrents. 
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SUMMART 
1. Beritabl« dlfferoncaa in top-root ratios, basad on 
dry weights, vere exhibited in each of three tests by Inbred 
strains of naize after four to six weeks ^ owth on the three 
medltiiBs; soil, low nutrient setnd and nutrient aqueous solu-
tlcm. Sach test, containing nine or ten inbreds, was set up 
In a eorapletely randomized block design and an analysis of 
variance was obtained on the data. Twenty-one different 
inbreds were tested, 
2. The range of inbred mean top root ratios for each of 
the three tests based on all treatments was; 1.40-2.07, 1.98-
3.12 and 1.47-2.92. Variations due to strains were hl^ ly 
significant in the statistical analyses, individual line 
means were distributed \mlformly throughout these ranges, 
this being Interpreted to indicate that several genetic fac­
tors control top-root ratios. Lines common to two or more 
tests occupied, in general, the same relative rank in ratio 
size in each test. Although different culture mediums 
altered top-root ratios (water cultures Imvlng the highest 
and sand cultures the lowest mean ratio size), Inbreds dis­
played approximately the same rank fr^ one treatment to 
another. 
3. hybrids, while showing pr<niounced heterosis in 
top weight, produced sufficient root growth so that their 
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top-root ratios were approxiioately equal In size to those of 
their low ratio parents. Regardless of the relative size of 
the parental Inbred ratios, dominance of genetic factors for 
low top-root ratios was always Indicated. These findings 
were based on two experlawnts In which hybrids and Inbreds 
were grown on the three medltuas (soil, water and sand cul-
ttires) and farther suii)stantlated by six other tests In i^lch 
the response of Inbred and hybrid ratios to varloiis concen­
trations of phosphorus, nitrogen and soil moisture were 
studied. Eeclprocal hybrids. Included In one test, did not 
differ significantly In top-root ratios. 
4. Studies were made on the responses of top-root 
ratios of hybrids, their low z>atlo parents and their high 
ratio iwrents to controlled conoentraticms of phosphorus, 
nitrogen and soil moisture. Two o(»apletely randomized block 
experiments were conducted for each variable. In each experi­
ment three or four coneentrations were maintained for the 
variable being studied, ranging from those definitely lim­
iting, to those necessary for optimum plant growth. 
6* Uhlle top-root ratios Increased with phosphorus 
concentration, they did not increase as rapidly for hybrids 
or their low ratio parents as for their high ratio parents 
(measured arithmetically). Ho difference in rate of ratio 
increase occurred between hybrids and their low ratio parents. 
The explanation is advanced that hybrids and their low ratio 
parents, having more roots per unit of top weight tiian the 
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high ratio parents, are able to absorb proportionally more 
phosphorus before it is precipitated out of nutrioat solu­
tions, thereby suffering leas phosphorus starvation when the 
supply is limited. This would result in less reduction in 
top-root ratio for the hybrids and low ratio lines and, 
therefore, a relatively smaller increase with additicmal 
phosphorus. 
6. Although top-root ratios increased with nitr<^en 
concentration, no differential rate of arithmetic increase 
was found between hybrids and either, their high, txp low 
ratio parents. Since nitrogen remains more readily available 
to plants than phosphorus, a large root system in proportion 
to tops was of no great advantage in its absorption. 
7* Bespmse to increased soil moisture percentage was 
similar to nitrogen in that no differential rate of arith­
metic ratio increase was found between hybrids and either 
their high or low ratio parents. 
8. Top and root growth each increased for all lines 
with increased concentrations of phosphorus, nitrogen and 
soil moisture, with the hybrids able to make a relatively 
greater increase than the Inbreds. 
9« Soil sterilization resulted in increased top and 
root growth and larger top-root ratios than TOS obtained for 
non-sterilized soil. Increased ammonia concentration in the 
soil, due to heating, is advanced as an explanation. 
10. Roots of different inbred lines varied in texture. 
xwiging from fine, slender, to thick, coarse rooted systems. 
Roots of hiyhrlds were either intenwwiiate between their 
parents cap apprMiched their coarse rooted parent in this 
charaeteristic. 
1, 
2 
5 
4 
5 
6 
7 
8 
9 
10 
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Table 46. Mean Dry Weight in 0rams of Tops and Roots. Test 4. 
Lines 
nent PR PR X Hy Hy X Hy «4 X m KH 3c KR 
Tops 
Water 9.62 10.25 10.27 6.99 4.9^ 10.90 11.45 10.16 
Soil 13.39 17.67 17.45 12.24 10.90 16.86 16.73 12.90 
Sand 3.39 4.76 4.95 3.20 2.28 5.08 4.85 3.83 
Mean 8.80 10.89 10.89 7.48 6.04 10.95 11.01 8.97 
Roots 
Water 3.03 4.66 4.76 3.05 1.78* 4.08 4.14 4.01 
Soil 3.77 8.67 7.81 4.68 4.27 7.67 8.16 5.37 
Sand 1.28 2.71 2.97 1.67 1.01 2.72 2.69 2.23 
Mean 2.69 5.32 5.18 3.13 2.35 4.83 5.00 3.87 
^ One plant imit lost by disease. Data supplied by means of missing plot technique. 
Tabl« 47. Mean Dry Weight In Grams of Topa and Roots. Test 5 
Lines 
Treat-
ment KR(Osf) UKOsf) Hy Hy x KR KR x PR PR x R. PR x 
X Hy BR PR H4 KR(Osf) 
Tops 
Hater 6.24 6.57 2.31 8.55 4.57 8.41 6.08 5.19 2.68 5.51 
Soil S.IS 6.58 5.68 5.49 3.56 5.46 5.66 5.70 3.13 4.12 
Sand 1.18 2.08 1.50 2.20 1.59 1.68 1.45 2.28 1.11 1.70 
Mean 3.52 4.60 2.45 5.41 5.17 5.18 5.72 4.59 2.31 3.78 
Roots 
Water 4.22 4.55 1.42 5.73 5.05 4.56 2.10 2.56 1.11 3.47 
Soil 2.56 4.11 2.35 4.29 2.43 4.05 1.82 3.53 1.55 3.51 
Sand 1.53 2.20 1.23 2.53 1.61 1.71 1.05 2.00 0.76 1.79 
Mean 2.64 5.62 1.67 4.12 2.37 5.45 1.65 2.63 1.14 2.86 
Table 48. Mean Dry Weight in Grama of Tops and Roots. Teat 6 
Lines 
Phosphorus 
p.p.m. KR KB X Hy Hy PR x Hy PR PR x R^ KR x R^ 
Tops 
5 S.15 5.66 3.68 4.95 4.28 5.04 2.50 5.91 
15 6.17 7.67 4.72 6.64 4.91 7.20 3.57 8.30 
50 5.35 8.04 4.63 5.92 4.60 6.30 2.95 6.10 
Mean 5.55 7.09 4.36 5.84 4.60 6.18 3.01 6.77 
Roots 
5 2.58 3.13 2.28 2.58 1.41 2.12 1.14 2.87 
15 2.63 3.80 2.37 2.96 1.30 2.33 1.28 3.27 
50 2.17 3.92 2.40 2.45 1.19 2,17 1.04 2.65 
Mean 2.46 3.62 2.35 2.66 1.30 2.20 1.16 2.93 
Tabl® 49, Mean Dry Weight in Grams of Tops and Roots. Teat 7 
Fhos- Lineo 
KR(Oaf) KR(08f) HE ITS x PR PR x W m x 
^ * X ITS PR WP KB(08f) 
Tops 
1.67 2.31 2.70 2.43 2.60 2.22 2.50 2.34 2.76 
5.00 6.62 6.71 3.77 6.26 4.67 5.02 3.74 7.10 
15.00 6.07 8.66 4.54 8.22 4.92 6.17 4.40 8.08 
Mean 4.63 6.02 3.58 5.69 3.94 4.56 3.49 5.98 
Roots 
1.67 1.43 1.71 1.26 1.57 0.98 1.10 0.84 1.33 
5.00 2.64 3.95 1.91 3.17 1.42 1.94 1.35 3.15 
15.00 2.67 3.93 2.00 3.39 1-23 1.98 1.18 3.06 
Mean 2.21 3.20 1.72 2.71 1.21 1.68 1.12 2.51 
Table 50. Mean Dry Weight in Qr&m of Tops and Roots. Test 8 
Lines 
Hitrogen KR(osf) KR(Osf} R. R. x PR PR x Hy Hy x 
P'P-®' X R4 ra Hy KR(08f) 
Tops 
5 1.46 1.82 1.53 1.70 1.80 1.67 1.66 1.49 
15 2.50 3.12 2.46 2.98 2.83 2.95 2. 50 2.66 
45 S.84 5.16 3.57 4.75 3.77 5.22 3.28 4.38 
155 5.09 6.35 3.09^ 6.14 3.89 6.79 4.58 5.39 
Mean 3.22 4.11 2.66 3.89 3.07 4.16 3.00 3.48 
Roots 
5 1.21 1.10 0.63 0.86 0.78 1.13 1.02 1.24 
15 1.81 1.75 0.89 1.32 1.09 1.71 1.49 1.90 
45 2.42 2.57 1.30 1.84 1.30 2.79 1.86 2.84 
135 2.27 2.46 1.07* 2.04 1.10 2.94 2.12 2.59 
Mean 1.93 1.97 0.97 1.52 1.07 2.15 1.62 2.14 
* One plant unit lost by disease. Data supplied by neans of missing plot technique. 
Table 51. Mean Dry Weight: in Qraaa of Tops and Roots. Test 9« 
Hitrogen 
Lines 
ER{Osf) p. p.m. SR(08f) ®4 R4 X PR PR X Hy Hy X 
X R4 It HI Hy KR(08f) 
Tops 
4 1.29 1.60 1. 41 1.61 1.64 1.53 1.48 1.32 
16 2.76 5.09 3.25 3.69 3.33 3.25 2.67 2.72 
64 6.00 7.64 5.01 7.20 5.86 7.46 5.17 6.68 
856 7.60 11.92 4.62 9.21 6.63 9.42 6.77* 9.13 
Mean 4.41 6.06 3.57 5.43 4.37 5.42 4.02 4.96 
Roots 
4 1.50 1.21 0.68 0.95 0.80 1.25 1^19 1.45 
16 2.58 2.07 1.19 1.73 1.40 2.28 1.89 2.54 
64 4.49 3.84 2.09 3.37 2.19 4.79 3.81* 5.15 
256 4.05 5.87 1.83 3.51 2.06 4.64 3.95 5.90 
Mean 3.15 3.25 1.44 2.39 1.61 3.24 2.71 3.76 
* One plant unit lost by disease* I^ta supplied by means of missing plot technique. 
Table 52. Mean Dry Weight in Grams of Tops and Boots. Test 10 
Per cent Idnes 
soil 
moisture 
*F WF X Hy Hy PR X Hy PR PR X WF 
Tops 
8-17 2.26 4.46 5.05 4.88 2.96 4.79 
11-17 5.78 5.82 4.86 7.12 4.14 6.57 
24 4.84 15.50 6.95 12.72 5.69 7.65?^ 
Mean 5.61 7.86 4.95 8.24 4.27 6.54 
Roots 
8-17 0.78 1.42 0.94 1.42 0.52 1.40 
11-17 1.06 1.87 1.44 2.05 0.77 1.82 
24 0.87 5.11 1.59 5.05 0.82 1.40^ 
Kean 0.91 2.15 1.52 2.16 0.70 1.54 
* The tip half of new leaves, produced from the second to the fifth week of 
growth, were water soaked and dead before the leaves unfurled, resulting in 
difficulties in leaf emergence and reduced plant weight. These disease like 
effects were foxand only on high moisture level plants. 
Table 53. Mean Dry Welghfc in Qraias of Tops and Roots. Test 11. 
Per cent 
soil 
moisture ly W x Hy 
Lines 
Hy Kl X Hy PR PR x WP 
Tops 
7.6-15.5 
11.0-15.6 
17.6 
20.8 
Mean 
2.88 
6.53 
7.29 
12.11 
6.70 
4.44 
9.97 
16.22 
18.15 
12.20 
2.67 
6.13 
7.89 
9.53 
6.66 
4.34 
9.21 
13.90 
16.27 
10.93 
3.36 
6.65 
8.95 
9.70 
8.16 
4.30 
10.10 
14.97 
14.23 
10.90 
Roots 
7.6-15.5 
11.0-15.5 
17.6 
20.8 
Mean 
1.44 
2.16 
2.75 
3.29 
2.41 
1.82 
4.19 
7.46 
6.70 
5.02 
1.26 
2.17 
2.84 
3.07 
2.37 
1.81 
3.43 
5.20 
6.06 
4.10 
0.98 
1.81 
2.17 
1.94 
1.73 
1.79 
3.83 
6.39 
4.12 
3.78 
Table 54. Mean Dry Weight in Grams of Tops and Soots. Test 12. 
Soil Lines 
treatment ITS PR ®4 Hy W KB 
^opg 
Sterilized 2.89 6.29 4.74 4.04 4.31 3.15 
Hon-sterlllsed 2.81 5.66 4.12 3.26 3.89 3.43 
Mean 8. 85 5.97 4.43 3.65 4.10 3.29 
Boots 
Sterilized 0.83 0.32 0.64 0. 46 0.60 0.87 
Xon-sterilized 0.48 0.29 0.52 0.44 0.33 0.57 
Mean 0.65 0.31 0.58 0.45 0.46 0.72 
Table b&. Mean 2>ry Waight in drams of Tops and Scots* Test IS* 
Soil 
Lines 
treatment PH PR X Hy X PR m EB X R4 R4 
Tops 
Sterilized 5.65 7.44 7.83 6.59 8.22 7.14 7.47 
Hon-sterlllsed 4.75 6.23 6.50 4.34 6.36 3.83 4.73 
Xeian 5.20 6.84 7.17 5.46 7.29 5.48 6.10 
Roots 
Sterilized 1.24 3.08 2.41 2.67 3.40 2.65 2.25 
Ion-sterilized 1.22 2.71 2.57 1.79 2.77 1.47 1.34 
Mean 1.23 2.89 2.49 2.23 3.09 2.06 1.80 
Plate 1. Inbreds PR and KR as Given in Test 1, For each inbred the treatment 
sequence, reading from left to right is sand, water and soil, (These 
plants were not grown in test 1,) 
Plate 2, Five ]^bred Lines Grown in Water Cultures in Test 3 Showing Differences 
in Top-Root Ratio. 
97 
Plate 3. Various Degrees of Root Fineness as Displayed 
by Pour Inbreds Grown In Teat 3. The plants 
were grown four weeks on water cultures, (In­
bred 701 above is designated ITE in the text,) 
Plate 4. Texture or Degree of Fineness in Two Inbreds and Their Hybrid. Water 
Culture Plants Grown in Test 5. 
99 
Plate 5, Relative Growth of Tops and Roots on Three Concen­
trations of Phosphorus. In each group, WP appears 
on the left, WF x KR(Osf) in the middle and KR(Osf} 
on the right. Test 7. 
Pzl,67pp P'S'OOppm 
Plate 6. Effects of Three C<aicentrations of Phosphorus on Root Texture, Test 7. 
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Plate 7. Relative Growth of Tops and Roots on Pour Concen-
tratlons of Nitrogen. In each group, PR appears 
on the left. PR x Hy in the middle and Hy on the 
right. Test 8. 
Plate 8. Effects of Pour Concentrations of Nitrogen on Root Texture, Test 8, 
Plate 9, Top and Root Growth of PR x Hy Grown in Soil Held at Poiir 
Moisture Percentages. Test 11. 
Plat© 10, Effects of Potir Soil Moisture Percentages on Root Texture. 
Test 11. 
